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The production supply chain of high density polyethylene (HDPE) and portland cement 
uses and consumes vast quantities of fossil energy (mainly petroleum) used for their 
extraction and production.  Those consumed resources emit large volumes of 
greenhouse gases (GHG) to the atmosphere. In the past decade, HDPE has become a 
widely used polymeric engineering material that has been adopted in different 
industries, including in the construction of landfill liners, power and telecom cable 
conduits, sewage and drainage pipes, and automotive fuel tanks. Unlike HDPE, 
portland cement has been commonly used for centuries and it became the standard for 
many research on construction materials. This dissertation is going to investigate the 
life cycle assessment (LCA) and life cycle cost (LCC) of pristine HDPE, ordinary 
portland cement and its various alternative materials such as post-consumer recycled 
plastics, nanocomposite and bio-based plastics, non-portland cement based 
cementitious binders, which could be economically beneficial since they either use 
obsolete resources or engage the renewable resources. In other words, they could 
potentially consume less energy to process compared to its conventional counterparts, 
and may also have lower production costs. A thorough LCA study needs to account for 
the presence of uncertainty and risk. There is no doubt that these factors heavily impact 
the decision-making process. For this reason, this dissertation employs the resampling 
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and stochastic methods to quantify the data uncertainty of input parameters with the 
hope that the analysis would generate more precise results. By incorporating the 
uncertainty characterization and a standard by ASTM with the LCA and LCC, this 
dissertation hopes to deliver a meaningful life cycle environmental and cost analysis to 
the industrial decision-makers and investors.  
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CHAPTER 1: INTRODUCTION AND RESEARCH OBJECTIVES 
 
1.1 Introduction 
 Civil engineering infrastructure comprises the industrial and public works that 
contribute to the economic prosperity and social advancement of society [1, 2]. Every 
component of infrastructure systems, including electric power cables, oil and gas 
pipelines, wastewater pipe networks, bridges, highways and residential/commercial 
buildings, support human activities within urban and rural communities. This 
dissertation focuses on the life cycle environmental and economic aspects of materials 
used in drainage pipeline systems. Because of the continuous development of human 
civilization and steady population growth, the infrastructure supply sector has become 
one of the largest consumers of Portland cement, which consists of limestone, sand and 
gypsum [3]. According to the United States Geological Survey, the American cement-
based pipe industry spends nearly five billion dollars for cement every year, 11% of the 
total expense for cement in the U.S [4, 5]. In 1824, an Englishman named Joseph 
Aspdin invented a mixture consisting of limestone and clay. He named it “Portland 
cement” due to its resemblance to the oolitic limestone of Portland, England [6]. After 
two centuries, the cement industry became one of the largest industries of building 
materials because of its strength, durability and affordability. In the last 65 years, the 
amount of cement produced increased almost 34-fold and this growth rate is much 
higher than other commodities such as steel [3]. Cement, which serves as a binder, is 
mixed with aggregates, sand and water to produce concrete, the single most widely used 
material in modern infrastructure [7, 8]. Every year, nearly 3.4 billion tons (and rising) 
of cement is produced, yielding 50 billion tons of concrete and other cementitious 
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products [9, 10]. Regardless of cement’s usefulness, its negative effect on the 
environment has raised a concern among industrial and engineering research 
communities [3],[8, 11]. The cement kiln process requires a large input of energy 
demanding approximately 1,400 MJ and emits nearly one ton of CO2 per ton of cement 
[7, 12]. The cement industry is responsible for 5-10% of global GHG emissions [13-
15] and consumes approximately 1.5 billion gigajoules (GJ) of energy annually [16]. 
Much scientific research, including experimental and theoretical works, have been 
conducted to study potential cement substitutes [17, 18]. As a result, some promising 
cements such as geopolymer and alkali-activated cement were invented [17-19]. These 
alternative cements have been regularly improved to meet the national emission 
standards for hazardous air pollutants [20]  and to meet or even exceed the 28-day 
compressive strength (50-80 MPa) of their traditional counterpart [21]. However, these 
newly developed cements have not been used to manufacture storm drainage pipe 
according to the information from the American Society for Testing and Materials [22]. 
Another modern alternative pipe material, high-density polyethylene (HDPE), has been 
increasingly used to replace concrete and steel in making drainage pipe due to its 
lightweight and low labor requirement during installation [23-26]. Previous studies 
showed that the HDPE pipe is environmentally and economically preferable over 
concrete pipe [27, 28]. Similarly, Recio et al. [29]  investigated the impact on the 
environment of a variety of pipe materials and their results showed that corrugated PE 
pipe emits fewer greenhouse gas (GHG) emissions than concrete pipe for a small 
diameter pipe. Another report from McCraven [30] stated that the initial cost of concrete 
pipe is higher in most applications for pipe under 60 inches in diameter than the initial 
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cost for plastic pipe. However, the production of HDPE heavily relies on the natural 
gas and crude oil resources.  
 A report from Ellen MacArthur Foundation [31] states that around 6% of global oil 
production is used to make plastics; roughly half of this is used as material feedstock 
and half as fuel for the production process. If the current strong growth of plastics usage 
continues as expected, the consumption of oil by the entire plastics sector will account 
for 20% of the total consumption by 2050 [31].  The consumption of hydrocarbon 
feedstock from plastic production results in a large energy demand because of the 
energy intensive processing steps during extraction and conversion stages, which can 
adversely impact human health and the environment. To reduce energy and 
environmental impacts of using primary (pristine) polymer, recycled HDPE can be 
blended with pristine polymers to make corrugated drainage pipes. This will reduce the 
need for pristine HDPE in plastic pipe production  [32]. The Plastics Pipe Institution 
has been supporting research to improve the performance of recycled pipe [33]. 
According to a report from the Association of Postconsumer Plastic Recyclers, the 
demand for recycled HDPE in corrugated pipe manufacture increased by 10% from 
2013 to 2014 [34, 35]. Another research study from Hubler et al. [36] indicated that 10 
million tons of post-consumer plastic material are recycled every year and HDPE makes 
up one third of these recycled plastics. Despite their environmental advantages, 
recycled HDPE is usually only used in lower-value applications, what is known as 
“down cycling”, because these plastics diminish in quality after mechanical recycling, 
which weakens their prospects for continued use in the economy [31]. The work of this 
dissertation examines the environmental impacts and economic tradeoffs of recycling 
industrial wastes such as using wastes from coal and iron productions to make 
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cementitious binders or recycling plastics from milk bottles to make corrugated 
drainage pipe, what in recent literature has been termed part of “the circular 
economy”[37-40]. There have been many efforts and technical recommendations to 
improve the efficiency of recycling construction materials [41, 42]  and encourage 
advanced recycling methods [43, 44] in order to sustain a circular economy, which aims 
to balance life cycle cost and environmental factors as well as minimize the 
environmental consequences of recyclability [31]. 
 Further, recycled HDPE is subject to poor stress crack resistance, which degrades 
the stress crack resistance of recycled-blended HDPE pipes. Therefore, its service 
lifetime can potentially fail to meet the required design life of a drainage pipe. In an 
effort to improve the long-term performance of a recycled-blended HDPE pipe, a small 
quantity of nanoclay may be added to the mixture [45]. An additional small percentage 
of organically modified clays were shown experimentally to enhance physical and 
mechanical properties of polymers such as stress cracking resistance and fire-retardant 
properties [46-49]. Due to these benefits, nanoclay can be employed to compensate for 
the mechanical performance (e.g. strength, stiffness) that is lost from the use of recycled 
HDPE [50]. Hsuan et al. [51] also blended 3 and 6 wt% of nanoclay in an HDPE matrix 
to evaluate the stress crack resistance of the nanocomposite. Hsuan and colleagues 
observed an improvement in mechanical properties of the polymer matrix at a relatively 
low nanoclay concentration, which can be economically feasible for commercial 
production of pipe materials. Research by Na et al [45] employed the J-integral 
numerical method to investigate the long-term performance of recycled and 
nanocomposite materials. They found that the addition of nanoclay can extend the 
failure time of a polymer. The failure time data were obtained using the Notched 
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Constant Ligament Stress (NCLS) and then the rate process method was used to 
extrapolate these data. 
Notched Constant Ligament Stress test (ASTM F2136) 
 Some cracks can initiate on a pipe wall a few months or many years after 
installation. Therefore, it is unrealistic to mimic this failure procedure in a research 
environment. As a result, some common methods have been approached to accelerate 
the failure process such as Bent strip test (ASTM D1693), Pennsylvania notched test 
(ASTM D1474), full notch creep test (ISO 16770), notched constant ligament stress test 
(ASTM F2136), hydrostatic stress rupture test (ASTM D1598), notched pipe test (ISO 
13479), and fatigue test. This work used the notched constant ligament stress (NCLS) 
test because it has been indicated to consume less time than the other methods and it 
only requires dumbbell shaped specimens,  
Method used to analyze the data from NCLS test 
 It is important to select a method that can accurately extrapolate the failure test data 
(obtained from NCTL test) to the service temperature. There are a number of methods 
designed to achieve this goal and they are classified into three categories: the fracture 
mechanics methods, the Popelar shift method and the rate process method (RPM). 
According to Pluimer [52], the Hydrostatic Stress Board of Plastic Pipe Institution 
indicated that the three-coefficient RPM provided the best correlation between 
calculated long-term performance projections and know field performance of several 
HDPE piping materials. For this reason, RPM was used to project the nanocomposite 
from the failure data obtained from this research work. Equation (1) links the failure 
time with the applied stress and test temperature based on (1) the linear relationship 
between the applied stress and failure time on a logarithmic scale and (2) the inverse 
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relationship between the chemical reaction rate and the test temperature on a Cartesian 
scale (Arrhenius’s empirical model). 
Log (t) = A + 
୆
୘
 + 
େ.୪୭୥ (஢)
୘
         (1) 
 RPM employs the least squares multi-variable regression analysis to derive the three 
constants in Equation (1). These known constants can be applied to Equation 1 to 
predict the lifetime of nanocomposite at desired temperature and long-term design 
stress. Further, RPM incorporates the distribution of the data points to evaluate the 
97.5% confidence limit of the predicted lifetime, which gives a more realistic 
evaluation. 
 Besides the option of recycling polymer to reduce environmental burdens and 
production cost, recent research studies investigated the potential of manufacturing a 
polymer from agricultural feedstock such as corn switchgrass, corn stover, sugarcane 
etc. [53-57]. The results from the White Biotechnological (BREW) project showed that 
polymers made out of lignocellulose save as much as 100% of non-renewable energy 
compared to that of petrochemical ethylene [58]. Similarly, Posen et al. [53] showed 
that the GHG emissions of bio-based HDPE are negative due to the biogenic carbon 
and co-product (electricity) credits. However, the current waste management system is 
not designed to classify the bio-based polymers and this technological improvement 
may be costly, which then may bring the cost of this biomass-derived plastic far higher 
than that of the conventional one. In this dissertation, the long-term environmental 
advantages and short-term disadvantages of bio-based plastic were not taken into 
consideration and this type of plastic was assumed to be recycled like other plastics in 
this work.  
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Assumption on The Service Lifetime of drainage Materials 
 The service lifetime in this life cycle study was assumed to be 100 years for all pipe. 
Extensive literature review has been done to ensure the lifetime qualification of the 
alternative polymeric materials [53, 59, 60].  The American Standard Test Method has 
approved the use of up to 50 wt. % recycled polyethylene in a drainage pipe as stated 
in ASTM D3350. In regards to the bio-based polymers, the research studies stated that 
bio-based ethylene is chemically and functionally indistinguishable from its 
conventional fossil-fuel counterpart, owing the fact that the biomass is converted to and 
substitutes for fossil-derived ethylene monomer  [53, 60]. Based on the above reasons, 
the assumption of a 100-year service lifetime was applied to the recycle-blended and 
bio-based polymers. The novel nanocomposite has not been shown to meet this lifespan 
requirement. Therefore, experiments were undertaken as part of this research to test the 
above assumption. 
 Life cycle assessment (LCA) has been applied to examine the environmental 
tradeoffs of (a) replacing Portland cement with pozzolanic cement [12, 61] and 
geopolymers [13, 15, 62, 63] and (b) using recycled concrete aggregate in the 
production of new concrete [64, 65]. Only one study from McLellan et al. [13] accounts 
for the variability in the logistics supply chain and production cost of cements. 
McLellan and colleagues calculated the transport distances for the most direct route and 
considered the most appropriate transport mode from typical source locations to 
existing cement plants in Australia. McLellan’s research study indicated that the 
transport distance and mode of transport at all life cycle stages can highly affect the 
cost and emission metrics of a cement product. They concluded that the transportation 
distance from a feedstock source to a cement plant can result in varied GHG emissions 
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of geopolymer concrete by up to 50%. In addition, this author stated that the cost of 
geopolymers is 7% lower to 39% higher than Portland cement. The other cement studies 
did not consider the possible range of energy and material inputs in the life cycle of 
cement production. For example, Marceau and Vangeem [66] collected data from 
several cement plants for the production of blended cement, but they only reported the 
average energy demand, material input and average waste. Then, Prusinski et al. [61] 
used Marceau’s inventory to evaluate the global warming potential of blended cement. 
Since these studies did not capture the full possible range of energy and material inputs 
for cement production, they might not have considered uncertainty, which can 
significantly increase the GHG emissions of blended cements. Similarly, Weil et al. 
[62] and Farrant [67] calculated the GHG emissions of geopolymers from the average 
energy/material inputs and did not account for transportation stages. This dissertation 
incorporates the uncertainty analysis with LCA to assess the energy consumption, the 
environmental and cost performance of pozzolanic cement, alkali-activated cement, 
geopolymers and alternative materials for drainage pipes as well as quantifies the 
variability in their production.  
 In regards to alternative materials for HDPE, previous studies used LCA to 
investigate the environmental and cost savings when nanocomposite is used to replace 
conventional materials in packaging and agricultural films [68] and automotive 
applications [69]. Their results suggested that adding organoclays to polymer is very 
promising for reducing the production cost and GHG emissions.  With the introduction 
of alternative materials having unique material properties, the mass of a new product is 
expected to vary. Lloyd and Dave [69], Roes et al. [68] and Schrijivers et al. [70] 
incorporated physical properties of materials with the material indices method to 
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estimate a decrease in weight for nanocomposite products. These studies based their 
calculations on either the stiffness or strength of a product whereas neither one of these 
properties represents the long-term performance property of a drainage pipe. A drainage 
pipe is required to resist deformation under soil load and crack development under 
stress after many years of service. To precisely estimate the mass reduction of an 
alternative pipe, this dissertation investigates the physical properties, which are 
associated with the deformation and the stress crack resistances, and are the modulus 
of elasticity and stress crack resistance, respectively. Previous studies used the essential 
work for fracture (EWF) concept to evaluate the fracture properties of ductile polymers 
[71-74]. Na et al. [75] used EWF to study the fracture toughness of HDPE, recycle 
blended HDPE and nanocomposite. This work adapts the fracture properties from Na 
et al. [75] incorporating the crystallinity property to estimate the mass change of an 
alternative pipe. 
 An extensive literature review on pipe materials used in the U.S showed that there 
were no studies that used LCA to assess the environmental and economic performance 
of nanoclay recycled HDPE blends or examined the mass change of a pipe when a new 
material is used [25, 27, 29]. These research studies examined the environmental impact 
of available materials used for pipe in the U.S such as concrete, cast iron, polyvinyl 
chloride and corrugated HDPE pipe. None of them account for the uncertainty in a pipe 
mass which can change the overall energy input, GHG emissions and production cost. 
In addition, these research studies either neglected the emission from transportation or 
assumed a constant transport distance for all materials. They did not provide a complete 
treatment of uncertainty and variability for each life cycle stage of pipe production. This 
doctoral dissertation thoroughly studies the physical materials, estimates the service 
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lifetime based on experiments and examines the environmental performance, 
production cost and mechanical properties of pristine HDPE, recycled blended HDPE 
and nanocomposite. As stated above, the uncertainty in the LCA and life cycle cost 
(LCC) significantly affects the reliability of the outcomes, which can lead to incorrect 
decisions [1-3]. This dissertation identifies and quantifies the uncertainty in the entire 
supply chain of pristine HDPE and the alternative materials in order to reduce the errors 
of the final LCA and LCC results.  
1.2 Research Objectives 
 The main objective of this thesis is to assess the environmental and lifetime cost of 
cement, polyethylene and their alternatives such as recycled polymer mixed with 
pristine resin and polymeric nanocomposite.  This dissertation examines the change in 
mass of drainage pipes when an alternative material is used as substitute for a 
conventional one, which is based on the material properties elastic modulus and 
crystallinity and how life cycle results depend on the material property used to guide 
defining functional equivalency in LCA. Because long-term performance is a 
mandatory function of drainage pipe, polymeric alternative materials were tested in this 
dissertation to meet this requirement. Furthermore, the uncertainty among the key 
parameters were tested to examine their effects on the environmental and economic 
performance of pipe materials.  
1.2.1. Objective 1: To predict the service lifetime of the polymeric alternatives. 
 Numerous studies applied the accelerating methods to project the long-term 
performance of pipe such as the Poplar shift method (PSM) and rate processing method 
(RPM) [76, 77]. In a comparative research of different accelerating methods, Jingyu 
[76] showed that the RPM method generated a better lifetime prediction. For that 
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reason, this method was used in our study. The RPM procedure is in compliance with 
the ISO 9080 [78] for estimating the long-term hydrostatic strength of thermoplastic 
materials by using the statistical extrapolation method with respect to the time of a 
stress-time regression line. In regards to the service lifetime prediction for bio-HDPE, 
the failure time of bio-HDPE was not obtained in our lab and was assumed to 
mechanically and chemically perform as pristine HDPE. 
1.2.2. Objective 2: To evaluate the life cycle greenhouse gas emissions of a pipe.  
 This dissertation uses life cycle assessment (LCA) to systematically evaluate the 
environmental impact of pipe production from the feedstock extraction to the end of a 
pipe life. The emissions from the life cycle are classified and characterized into different 
environmental impacts such as global warming potential. This dissertation investigates 
the areas that potentially consume much energy and emit much pollutants, and proposes 
a possible solution to reduce the negative environmental impacts. The system boundary 
for this analysis begins from the raw material extraction stage and ends at pipe disposal 
stage. 
1.2.3. Objective 3: To evaluate the cradle-to-grave life cycle cost of pipe materials. 
 Cost of a product largely contributes to the decision on whether or not this product 
will be mass produced. This research analyzes the life cycle cost of HDPE and its 
alternatives, which are based on the following components: energy, material, 
installation, maintenance and recycling costs. The system boundary for this analysis 
begins from the raw material extraction stage and ends at when pipe is out of service. 
12 
 
 
1.2.4. Objective 4: To investigate and quantify the uncertainty in the cradle-to-grave 
life cycle of pipe materials. 
 It is evident that there are considerable uncertainties involved in a cradle-to-grave 
LCA study. According to Huijbregts et al. [79], most uncertainty studies in LCA 
quantify only parameter uncertainty. Posen et al. [54] investigated the uncertainty in the 
logistics supply chain of lignocellulose. The author found that the uncertainty of 
logistics and the size of the facility can negatively affect the final environmental impact 
of the product system. The LCA and LCC outcomes can also be subject to uncertainty 
due to normative choices or the mathematical models involved in the analysis. For this 
reason, this dissertation intends to investigate and quantify any possible uncertainty 
attached to each step of the production of HDPE and its alternative materials.   
 The following chapters provide the life cycle environmental impacts and cost 
analysis of high density polyethylene, Portland cement, and their sustainable 
alternatives. These chapters also describe the methodology of estimating mass 
reduction in pipe when different materials are used and explain the experimental 
procedure combined with a numerical method to predict the long-term performance of 
nanocomposite. This work also presents the methods for the uncertainty analysis in 
LCA and LCC and each chapter will discuss the completion status of each research 
study. 
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CHAPTER 2: LIFE CYCLE ECONOMIC AND ENVIRONMENTAL 
IMPLICATIONS OF PRISTINE HIGH DENSITY POLYETHYLENE AND 
ALTERNATIVE MATERIALS IN DRAINAGE PIPE APPLICATIONS 
 
 
2.1 Relevance and Status 
 This chapter describes the life cycle assessment (LCA) and cost analysis conducted 
to compare the environmental and economic performance of nanocomposite polymers 
that use pristine and recycled high density polyethylene (HDPE) polymer with pristine, 
and pristine/recycled HDPE polymeric materials in drainage pipe. The work in this 
chapter evaluates three performance metrics; (a) non-renewable energy consumption 
(NRE); (b) greenhouse gas (GHG) emissions; and (c) production costs of the three pipe 
material alternatives. This chapter also combines the original life cycle inventory data 
for the production of nanoclay from the mineral Montmorillonite were collected for this 
case study in the United States. Life cycle inventory models were developed for the 
cradle-to-gate production of drainage pipe used in highway construction that consider 
the sensitivity of model parameter inputs on the life cycle impact and cost results for 
the three material options. The result from this chapter suggests that a nanocomposite 
design that replaces part of the pristine HDPE with recycled HDPE and nanoclay 
reduces certain environmental risks and material cost of corrugated pipe. This work in 
this chapter was published in a peer-reviewed journal, cited as follows: 
Nguyen, L, G Hsuan, S Spatari (2016) Life Cycle Economic and Environmental 
Implications of Pristine High Density Polyethylene and Alternative Materials in 
Drainage Pipe Applications Journal of Polymers and the Environment. 
http://rdcu.be/lD7y 
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2.2 Introduction 
 The production supply chain of high density polyethylene (HDPE) uses and 
consumes vast quantities of fossil energy (i.e. crude oil and natural gas), and those 
consumed resources emit large volumes of greenhouse gases (GHG) to the atmosphere. 
The Energy Information Administration (EIA) states that the energy consumed to 
produce one ton of HDPE is 30% and 34% higher than that of polypropylene and 
polyvinylchloride, respectively [80]. Moreover, global annual demand for ethylene, 
whose production consumes 4.9 EJ of energy, is 103 Mt; 58% of which is used to make 
high density polyethylene. As a result, the energy needed for HDPE production is 2.8 
EJ, which is responsible for 240 million metric tons of atmospheric CO2 emissions per 
year [80]. In the past decade, HDPE has become a widely used polymeric engineering 
material that has been adopted in different industries, including in the construction of 
landfill liners, power and telecom cable conduits, sewage and drainage pipe, and 
automotive fuel tanks [25, 81-83]. Researchers have investigated the environmental 
impacts of using HDPE in pipe applications [23, 25, 26, 29] and automotive 
applications [68, 70, 82, 84] using life cycle assessments (LCA). Lloyd and Lave [69] 
emphasized the advantages of reducing the unit weight of those products due to the low 
density of the polymer compared to more traditional materials such as steel and 
concrete. However, the high energy required to extract and process crude oil to produce 
HDPE contributes to global climate change [9, 10]. Recent research has been carried 
out on alternative feedstocks for polymer production such as recycled polymer, bio-
based (i.e. sugarcane, agricultural materials) and biodegradable (food source for the 
bacteria in the disposal environment) materials [36, 60, 68, 69, 85]. Replacing pristine 
HDPE with recycled HDPE (PCR-HDPE) (partially or completely) could be a favorable 
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alternative because post-consumer recycled plastics use obsolete resources and 
potentially consume less energy to re-process compared to pristine (virgin or primary) 
materials, and they may also lower the production costs.  
 Plastics’ manufacturers began to explore and use recycled plastic solid waste (PSW) 
in the early 1980s [86].  PSW recycling techniques for various plastics such as 
polyethylene (PE) and polyvinyl chloride (PVC) have been described by numerous 
research studies [86-88]. Recycling and recovery methods are classified into four 
routes:  re-extrusion, mechanical, chemical and energy recovery [88]. In 2011, the U.S 
Environmental Protection Agency [89] reported that Americans generate about 389 
million tons of municipal solid waste (MSW), among which 35% (87 million tons) was 
recycled and composted. PSW represents 10% of the total MSW stream (39.3 million 
tons). A large portion of the PSW (82.7%) was disposed in landfills and the remainder 
was managed through recycling (6.7%), energy recovery in waste-to-energy (WTE) 
facilities (9.9%), or transformed to alternative fuel in cement production (0.7%) [89].  
The recycled HDPE made up 8-10 wt. % of recycled plastics from 2008 to 2011. 
According to Themelis et al. [89], the recycling rate of plastics increased by 21% over 
these three years. Among several available recycling methods, mechanical recycling is 
said to be the most widely used technique in the plastic recycling industry [60, 86, 88]. 
This method begins with separation of the polymer from its associated contaminants 
followed by its reprocessing to the useable polymer by melt extrusion [50, 60, 90, 91].  
 Blends of pristine/post-consumer HDPE materials have been used previously in the 
drainage pipe industry [32]. The Plastics Pipe Institution has been supporting research 
to improve the performance of recycled pipe [33]. According to a report from the 
Association of Postconsumer Plastic Recyclers (APR) in 2013  [35], 28% of recycled 
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HDPE is used to make pipe in the U.S. Another report from APR showed that this 
number increased to 35% in 2014 [34]. This statistic shows recycled plastics are in high 
demand by pipe manufacturers. The challenge of using PCR-plastics in products, 
particularly in building and infrastructure materials, is maintaining the required and 
equivalent mechanical performance of the pristine plastics [60]. La Mantia [92] and 
Pattankul et al. [93] found that the tensile strength and elastic modulus of recycled 
HDPE were higher than that of pristine HDPE but its elongation at break was 
significantly lower due to reprocessing. Nanomaterials blended with polymer are one 
avenue for enhancing mechanical properties and reducing manufacturing costs. 
Analysis by Roes and colleagues shows that the life cycle costs of the automotive 
applications can be reduced by between 3% and 6% when using nanocomposite [68]. 
An additional small percentage of organically modified clays were shown 
experimentally to enhance physical and mechanical properties of polymers such as 
stress cracking resistance and fire-retardant properties [46-49]. Due to these benefits, 
nanoclay can be employed to compensate for the mechanical performance (e.g. 
strength, stiffness) lost from the use of PCR-HDPE [50]. Commercially available 
nanoclay is manufactured by chemically modified, montmorillonite (MMT), which can 
be directly blended with polymer. The chemical modification converts the hydrophilic 
MMT to be compatible with the HDPE matrix by altering the surface chemistry of 
MMT to become organophilic. Studies have identified that such treatment requires the 
most energy in the manufacturing procedure of nanoclay [49, 68, 94]. Roes et al. [68] 
investigated the life cycle impacts (i.e. eutrophication, acidification, global warming 
potential, etc.) and cost of polypropylene (PP)/layered silicate nanocomposite from 
cradle-to-gate in three applications: packaging film, agricultural film and automotive 
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panels. They found that the nanocomposites have environmental and economic benefits 
in agricultural film and automotive panel end uses. Lloyd and Lave [69] used LCA to 
evaluate the environmental and financial aspects of a clay-polypropylene 
nanocomposite in manufacturing motor vehicle panels and compared it with steel and 
aluminum. Their results suggested that adding organoclays to polymer is very 
promising for reducing the energy consumption and GHG emissions of the polymer. 
The mechanical and physical properties of polymeric nanocomposite are substantially 
improved with a low content of nanoclay (3-6 wt-%) [49]. Hsuan et al. [51] also blended 
3 and 6 wt% of nanoclay in an HDPE matrix to evaluate the stress crack resistance of 
the nanocomposite. These findings suggest an improvement in mechanical properties 
at relatively low nanoclay concentration, which could be economically feasible for 
commercial production of pipe materials used in civil engineering infrastructure. 
Examination of the production cost and environmental performance of polymer 
nanocomposites in the 4% to 6% range is necessary to evaluate their commercial 
feasibility as sustainable substitutes for the pristine polymer. Therefore, the objective 
of this chapter is to apply LCA and cost analysis to evaluate the production of drainage 
pipes in highway applications using 47 wt-% HDPE/ 6 wt-% nanoclay blended with 47 
wt-% PCR-HDPE (nanoclay HDPE/PCR), and compare the material with 100 wt-% 
pristine HDPE and 50 wt-% pristine HDPE blended with 50 wt-% PCR-HDPE 
(HDPE/PCR).  
2.3 Methodology 
2.2.1. Life Cycle Assessment (LCA) Fundamentals 
LCA systematically evaluates the environmental burden of a product system using 
sequential material balances at each stage in the product life cycle from the extraction 
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of feedstocks to the production of a final product (pipe). The LCA framework is 
outlined in ISO 14040 [95]. When comparing the formulations of pristine HDPE, 
HDPE/PCR and nanoclay HDPE/PCR (they were assumed to meet the same functional 
requirements), the boundary system selection is from cradle-to-pipe exit gate. A life 
cycle inventory (LCI) analysis was undertaken that audited energy and resource inputs 
for each life cycle process using the software, GaBi 6.0 and SimaPro 8.0  [96, 97]. For 
the processes from GaBi 6.0, this study employed select metrics from the Tool for the 
Reduction and Assessment of Chemical and other environmental impacts (TRACI 2.1) 
developed by the United States Environmental Protection [98], which sources the 100-
year global warming potential (GWP100) metric from Intergovernmental Panel on 
Climate Change (IPCC). Non-renewable energy is estimated based on a metric in the 
GaBi database [96], which sums all non-renewable energy inputs across the life cycle. 
For the processes from DataSmart LCI database, the analysis in this chapter used the 
ReCIPe midpoint method, which is based on the method published by ecoinvent version 
2.0, to evaluate non-renewable energy whereas GWP is also evaluated based on the 
100-year impact factor proposed by IPCC. This analysis considered the lower heating 
value for non-renewable energy in both methods.   
2.2.2. Goal Definition and Scoping 
The design life of a drainage pipe is at least 50 years and could be up to 100 years 
[52, 99, 100]. For this reason, our research needed to evaluate a pipe material that 
maintains mechanical properties, minimizes life cycle costs, and reduces the risk of 
failure over a 50 to 100-year service life. In addition, the material needs to be produced 
at low cost to be competitive with alternative pipe materials, consume less energy, and 
reduce possible health and safety risks during manufacturing compared to the 
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traditional concrete, steel and polyvinyl choloride (PVC). As a result, HDPE was 
selected to be the pipe material in our study. Drainage pipe made from HDPE could be 
and has been engineered using post-consumer recycled HDPE [33]. However, both 
pristine and PCR-blended pipe are subjected to the slow crack growth (SCG), which is 
the main cause of failure in extruded HDPE and recycled pipe [101, 102]. According to 
Na and his colleagues, the presence of a small amount of nanoclay would enhance the 
stress crack resistance because the nanoclay particles, which have a unique two-
dimensional geometry, act as obstructions to crack propagation [45]. We conducted this 
analysis to understand whether these alternative materials have environmental and 
economic merit for civil engineering infrastructure.  
 The goal of this chapter was to conduct prospective LCA and cost analysis of pipe 
made from nanoclay HDPE/PCR. The results were then compared with two materials: 
pristine HDPE and HDPE/PCR for environmental and cost advantages/disadvantages. 
The functional unit was defined as a 24-in diameter by 20-ft length pipe, the size of 
commercially manufactured corrugated HDPE pipe for highway drainage. The mass of 
such pipe based on pristine polymer is 226 lbs (103 kg) [103]. The mass of the 
HDPE/PCR and nanoclay HDPE/PCR pipe is discussed in “Estimating Mass Change 
Using Mechanical Properties”. The function of highway drainage pipe is to convey and 
discharge stormwater that flows within and along the highway right-of-way as well as 
under large parking lots. The alternative pipes in this chapter were assumed to perform 
the same function with the same geometry. Regarding the service lifetime, Na and 
colleagues [45] conducted a test to obtain the failure time and then used the J-integral 
numerical method to investigate the long-term performance of recycled and 
nanocomposite materials. The J-integral value has been used to characterize the strain 
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energy release rate associated with the crack growth for a nonlinear elastic-plastic 
material [104]. The authors found that the addition of nanoclay in a recycled blend 
could extend the failure time of a polymer-based material. Therefore, it is reasonable to 
assume that the service lifetime of a nanoclay HDPE/PCR pipe can be the same or 
longer than that of a pristine HDPE pipe. For an optimistic cost analysis, the nanoclay 
content used throughout the work of this chapter was set according to the most 
expensive HDPE nanocomposite among three levels of nanoclay contents: 2 wt-%, 4 
wt-%, and 6 wt-% [51]. The production cost of 6 wt-% nanocomposite is the highest 
(see “Cost of Pristine HDPE, HDPE/PCR and nanoclay HDPE/PCR Pipes” section) and 
thus is used for the analysis. Since this study investigates nanocomposite products that 
are still undergoing research, a comprehensive study on all environmental impacts and 
costs for the service lifetime was not possible. However, the outcomes from this chapter 
can be used to guide the selection of environmentally preferable pipe materials, 
including materials still undergoing research prior to commercial scale production. This 
chapter builds on prior research on prospective polymer-nanoclay composites; Roes et 
al. [68] and Schrijivers et al. [70] also studied the materials that were still in the R&D 
phase. The authors acknowledge that missing in-use and service lifetime data could 
make the assessment subject to substantial uncertainty.  
 The Life Cycle System Boundary 
 The LCA framework begins with the extraction of raw materials and ends with the 
creation of plastic pipe; therefore, the scope of the present study is referred to as cradle-
to-gate LCA [60]. The production cost was the sum of the material, energy and pipe 
extrusion costs. 
 For pristine HDPE, the cradle-to-gate LCA includes (1) extracting crude oil; (2) 
transporting crude oil to crude oil refinery by train or pipeline; (3) Refining oil 
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to separate naptha; (4) transporting naptha to steam cracking by pipeline; (5) 
cracking naptha to produce ethylene; (6) transporting ethylene to the 
polymerization plant by pipeline; (7) polymerizing HDPE; (8) pelletizing 
HDPE; (9) transporting polymer resin pellets to pipe manufacturer sites; and 
(10) manufacturing pipe.  
 For the HDPE/PCR, the system boundary consists of (1) steps 1-8 above for 
pristine HDPE; (2) collecting and processing recycled resin; (3) transporting 
HDPE resin and PCR-HDPE to pipe manufacturers; and (4) manufacturing pipe.  
 For the nanoclay HDPE/PCR, the system boundary consists of (1) steps 1-8 
described in pristine HDPE boundary; (2) collecting and processing recycled 
resin; (3) mining and processing clay materials to nanoclay production; (4) 
transporting HDPE resin, PCR-HDPE and nanoclay master-batch to pipe 
manufacturers; and (5) manufacturing pipe.  
 Finally, this paper evaluates the sensitivity in life cycle GHG emissions and 
production cost of the nanoclay HDPE/PCR with respect to select uncertain model 
parameters that are expected to exhibit variability.  Uncertain parameters consisting of 
the price of materials, processing energy (based on different technology) and diverse 
source-to-destination points were factored into upper and lower bound sensitivity 
estimation of the cost and environmental LCIA metrics. Scenario 1 (upper bound) and 
scenario 2 (lower bound) consist of the high and low values of energy consumption or 
cost assessment, respectively. Based on the range established in two scenarios, a single-
variable sensitivity analysis was used to examine the parametric variability [105, 106].  
 Estimating Mass Change Using Mechanical Properties. 
 The mass of a product importantly influences life cycle energy consumption and 
production costs [68-70]. With the introduction of alternative materials having unique 
material properties for a given product system, the mass of a new product is expected 
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to vary. Thus, product mass can be used to compare different material properties 
because the mass of the material can be reduced while maintaining the required 
mechanical design properties for a given application.  For examples, Roes et al. [68] 
and Schrijvers et al. [70] evaluated the mass reduction when substituting nanocomposite 
for conventional polymers in agricultural films. Lloyd and Lave [69] estimated the mass 
change of an automotive panel when replacing steel with aluminum and polypropylene 
nanocomposite.  In our study, a corrugated pipe made from pristine HDPE is replaced 
with pristine HDPE blended with different weight percentages of nanoclay and recycled 
HDPE or by recycled HDPE, which can result in pipe mass changes.  Roes et al. [68], 
Shrivijers et al. [70] and Lloyd and Lave [69] incorporated physical properties of 
materials along with functional unit definitions described in the ISO standards [95] to 
determine product mass changes that affect reference flows among plastic alternatives. 
These studies defined the material indices based on required performance properties of 
a specific product function (i.e. panel, column, plate etc.). The material indices are set 
on three parameters a) Young’s modulus (E); b) tensile strength (σ); and c) density (ρ) 
[107]. For corrugated pipes with the same geometric profile, the pipe stiffness is 
governed by the material modulus [35]. For a thermosetting plastic, it is impossible to 
define the Young’s modulus due to the nonlinearity of the true stress-strain curve. 
Therefore, the elastic modulus was used in this work and this property was determined 
by the elastic-plastic model described in Na et al. [75]. Na and his colleagues also 
indicated that the mechanical properties of semi-crystalline polymer are generally 
governed by crystallinity. Therefore, crystallinity was used in our analysis rather than 
density. 
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 The material index (M) with ratio of elastic modulus and crystallinity is used to 
evaluate the mass of pipe made from different materials. As the material index 
increases, the quantity of material, which is required to fulfill the same performance, 
reduces. This change in mass is calculated based on Equation (2): 
 
Changes in Mass (%) =  ቈ
ుౢ౗౩౪౟ౙ ౉౥ౚ౫ౢ౫౩
ి౨౯౩౪౗ౢౢ౟౤౟౪౯  [େ୭୬୴ୣ୬୲୧୭୬ୟ୪]
ుౢ౗౩౪౟ౙ ౉౥ౚ౫ౢ౫౩
ి౨౯౩౪౗ౢౢ౟౤౟౪౯  [୅୪୲ୣ୰୬ୟ୲୧୴ୣ]
− 1቉  ܺ 100      (2) 
  
 Applying the mass reduction to the functional units based on pristine HDPE yields 
the mass of the products made with HDPE/PCR and nanoclay HDPE/PCR. Using 
Equation (2), the mass savings of 20-foot HDPE/PCR and nanoclay HDPE/PCR pipes 
are 2.1% and 19.5% less than pristine HDPE pipe, respectively. Table 2. 1 summarizes 
the improvement in elastic modulus when PCR-HDPE and nanoclay are used. This 
improvement increases the material indices of HDPE/PCR and nanoclay HDPE/PCR 
and thus decreases the material used [68]. 
 
 
 
Table 2. 1. Estimated Mass Reduction based on material index. 
 
Material Crystallinity (%) 
Elastic modulus 
(MPa) 
Material 
Index               
(M) 
Primary 
mass 
reduction 
(%) 
Mass of 20-
ft pipe (kg) 
Pristine 
HDPE 67.2  869 12.9  103 
HDPE/PCR 68.81 9093 13.2 -2.1% 101 
Nanoclay 
HDPE/PCR 67.9
2 10914 16.1 -19.5% 82 
1, 2, 3, 4 Na et al. [75, 108] 
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2.2.3. Inventory Data and Analysis 
GaBi 6.0 database [96], DataSmart LCI database [109] together with public literature 
were used to develop the life cycle inventory.  The LCI of the U.S electricity grid mix, 
pipeline transportation, and fuel used to operate trucks and train were collected from 
the databases. Major assumptions and relevant data are described in “Major 
Assumptions and Data Sources”.  
 Pristine HDPE 
Crude oil input for the production of 1 kg pristine HDPE was derived from the plastic 
to petrol ratio, which was provided in a study conducted by Nordell [110]. Nordell 
estimated 0.72 kg of crude oil is required to make 1 kg of pristine PE. The process 
energy and emissions of the ethylene production were obtained from the DataSmart 
LCI database [96, 109]. Since the database aggregates the input/output data for the 
crude oil-to-ethylene process, we subtracted the crude oil process data from the crude 
oil-to-ethylene process data in order to obtain the data for the ethylene production. As 
a result, the energy input for ethylene production by steam cracking, 14 MJ/kg of 
ethylene, aligns with the estimates from previous studies: 20 MJ/kg of ethylene from 
Vlachopoulos’s report [111], 25-40 MJ/kg of ethylene from Gielen et al. [112], 21 
MJ/kg of ethylene from Bowen’s presentation [113]. Ren et al. [114] reported the 
energy consumption for different naptha steam cracking technologies: 22-25 MJ/kg of 
ethylene from Technip [115], 21 MJ/kg of ethylene from ABB Lummus [115], 21 
MJ/kg of ethylene from Linde AG [115], and 20-25 MJ/kg of ethylene from Stone & 
Webster [115].  
For HDPE polymerization, the LCI presented challenges in data collection and 
modeling for slurry-phase and gas-phase polymerizations. The process data of the 
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polymerization were assumed to be 5.5 MJ/kg for slurry-phase polymerization and 3.1 
MJ/kg for gas-phase polymerization based on data from the IEA [80]. Also 
Vlachopoulous [111] estimated the energy consumption for slurry-phase 
polymerization to be 5 MJ/kg of polymer. In our study, the average value of these two 
estimates, 5.2 MJ/kg of polymer, was used for the slurry-phase polymerization. The 
energy input and GHG emissions for each process in the production of pristine HDPE 
are described in “Life Cycle Energy and GHG Emissions of 1 kg of pristine HDPE, 
PCR-HDPE and Nanoclay” section. 
 PCR-HDPE 
The process data for the mechanical recycling route were obtained from published 
literature. According to the information from literature and personal communication 
with Envision Plastics, ~2.5 kg of plastic wastes are needed to produce 0.30 kg of PE 
(~10%) [86, 90]. The energy consumption and environmental burden of processing 
plastic waste are only allocated to the 10 % PE. The sorting process at material recovery 
facilities (MRFs) were taken from the Franklin Associates’ report [91]. The energy 
input for compacting, baling, and sorting processes were obtained from Perugini et al. 
[90]. At the post-consumer recovery facilities (PRFs), the reprocessing procedure of 
recycled plastics consists of grinding, washing and pelletizing. The energy consumption 
for these gate-to-gate segments were adapted from Hubler et al. [36]. The energy input 
and GHG emissions for each process in the production of PCR-HDPE are described in 
“Life Cycle Energy and GHG Emissions of 1 kg of pristine HDPE, PCR-HDPE and 
Nanoclay” section.  
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 Nanoclay 
For nanoclay production, an average of 0.84 kg Bentonite is required to produce 1 
kg of nanoclay (see Table 2. 7). The process data were provided by Nanocor 
Corporation [94], except for the energy consumed in the organic modification process 
which was taken from Roes et al. [68]. The total energy input in our study, 44-51 MJ/kg 
of nanoclay, aligns with estimates from other studies such as 73 MJ/kg of nanoclay 
from Shrijvers et al. [70], 40 MJ/kg of nanoclay from Joshi’s study [116], and  70 MJ/kg 
of nanoclay from Roes et al. [68]. The energy inputs and GHG emissions for each 
process in the production of nanoclay are described in “Life Cycle Energy and GHG 
Emissions of 1 kg of pristine HDPE, PCR-HDPE and Nanoclay” section. 
 Transportation  
 Crude oil is transported by train or pipeline, which depends on the infrastructure 
availability. All transportation legs utilized diesel commercial trucks or trains, with the 
distances determined from Google Maps [117]. Their LCI was taken from GaBi 6.0 
[96].  While more efficient routes might be found given additional analytical inputs or 
using proprietary transportation resources (e.g. ports, terminals), the values used are 
sufficient for the purposes of this study. The transportation unit cost of different modes 
was obtained from literature [118-123] and listed in Table 2. 2. 
 
 
Table 2. 2. Energy unit cost of various transportation modes. 
  
Unit Cost Transportation Cost 
Pipeline [USD/gallon-mile] 0.0401 
Train [USD/tonne-mile] 0.0292 
Truck [USD/tonne-mile] 0.2782 
1 [124] 
2 [118-120] 
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 Pipe Extrusion 
 The Eastern region electricity grid mix, developed by PE International [96], was 
assumed as input to pipe extrusion given that pipe manufacture in the region is located 
in Swedesboro, New Jersey.  
 The costs for an extrusion line was estimated to range from $0.04 to $1.27 per kg of 
plastic depending on the type of extruded products [68, 125]. The data from both 
Rauwendaal [125] and Roes et al. [68] were reliable since they were collected from 
industrial plants. Therefore, the average value of their estimates, $0.65/kg or polymer, 
was used in our study. 
 Major Assumptions and Data Sources. 
 Major assumptions regarding the system boundary, electricity grid mix and material 
processing are stated in Table 2. 3. The relevant references for the processing data and 
material/processing costs are presented in Table 2. 4 and Table 2. 5, respectively. The 
references for inputs of each gate-to-gate segment in the life cycle of HDPE, PCR-
HDPE and nanoclay are presented in Table 2. 7, Table 2. 8 and Table 2. 9. 
 
 
Table 2. 3. Major assumptions and System Boundaries 
 
  Pristine HDPE PCR-HDPE Nanoclay 
Feedstock 
Production 
-Crude oil is transported by 
train from Alberta (Canada) 
to oil refinery in Baytown 
Texas. (2500 miles (4000 
km)). 
-Recycled plastics is 
transported by truck from 
sources to the Material 
Recovery Facilities 
(MRFs).  
-Bailed plastic waste was 
transported by truck to 
- The excavation process 
has been done by 500 kW 
excavator operated by 
U.S diesel. 
- Sodium Bentonite (Na-
Bentonite) is transported 
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 -Diesel train (1000 ton total 
capacity)  transport used 
with U.S diesel 
 
the PE reprocessing plant 
(Envision Plastics). 
-Farthest MRFs are 
located in California 
(2600 miles (4200 km)). 
-Nearest MRFs are 
located in North Carolina 
(100 miles (160 km)). 
by train from Wyoming 
to Mississippi. 
-Crude oil is transported by 
pipelines within Texas. 
-The traveling distance was 
assumed to be 62 miles (100 
km). 
-The average traveling 
distance of incoming 
waste is 500 miles (800 
km) by truck. 
-The traveling distance is 
1600 miles (2580 km). 
-Pipeline: the average 
utilization ratio was 
calculated to be 28% 
-Diesel truck (34-40 ton 
total capacity) transport 
used with U.S diesel  
-Diesel train (1000 ton 
total capacity) transport 
used with U.S diesel. 
-Electricity grid mix in 
Western Region 
 -Electricity grid mix in 
Eastern Region 
-Electricity grid mix in 
Western Region 
-The traveling distance of 
Naptha from oil refinery to 
petrochemical complex was 
assumed to be 40 miles (64 
km). 
    
Material 
Production 
    -The nanocomposite 
contains 50% nanoclay 
and 50% HDPE resin 
carrier 
-Electricity grid mix used in 
Eastern region 
-Electricity grid mix used 
in Eastern region 
-Electricity grid mix used 
in Western region 
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-Single-screw extruder -Single-screw extruder -Twin-screw extruder 
Pipe 
Formation 
-Pristine HDPE pellets were 
transported to the pipe 
manufacturer by train 
-PCR-HDPE pellets were 
transported to the pipe 
manufacturer by train 
-Nanoclay masterbatch 
pellets were transported 
to the pipe manufacturer 
by train 
-Electricity grid mix used in 
Eastern region 
-Electricity grid mix used 
in Eastern region 
-Electricity grid mix used 
in Eastern region 
 
Table 2. 4. Data for energy consumption of each material are obtained from literature 
 
Processes Sources 
Crude oil extraction and production [96, 109, 126] 
Steam cracking [96, 109, 114, 126] 
PCR-HDPE [36, 90, 91] 
Nanoclay [68, 94, 109] 
Transportation by train [96] 
Transportation by truck [96] 
Transportation by pipeline [96] 
 
 
 
Table 2. 5. Material and energy cost references 
 
Materials/Energy Sources 
Crude Oil [127] 
Plastic Waste [128] 
Bentonite [129] 
Maleic Anhydride [130] 
Dimethyl dehydrogenated tallow [131] 
Electricity [132] 
Extrusion [68, 125] 
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2.2.4. Pristine HDPE  
 The feedstock material for HDPE can be crude oil or natural gas while the most 
commonly used is crude oil [68, 111]. In the U.S, crude oil was usually obtained from 
six states including Alaska, California, New Mexico, North Dakota, Oklahoma and 
Texas. Texas produced 35% of the crude oil in the U.S and became the largest crude 
oil supplier in 2013 [133]. In addition to these domestic oil resources, the U.S also 
imported crude oil from many countries from around the world, including Canada, 
Mexico, Qatar, Iraq, etc. According to the U.S Energy Information Administration, 
32% of the imported crude oil was from Canada in 2013 [134]. Therefore, Alberta 
(Canada) and Baytown (Texas) were selected as the crude oil bays in this study. Our 
analysis assumed crude oil was transported by pipeline between the oil facilities within 
the state of Texas. For the crude oil imported from Canada, Frittelli et al. [135] stated 
that rail transportation of crude oil from Canada increased more than 20-fold since 
2011. As a result, crude oil was transported by train from the Canadian crude oil bays 
to the Exxon Mobile oil refinery located at Baytown (Texas) in order to separate naptha. 
This hydrocarbon was then converted to light olefins such as ethylene, propylene and 
other products [136]. Next, Naptha was transported from the oil refinery to a nearby 
petrochemical complex by pipeline. The ExxonMobilTM petrochemical complex 
(Houston, Texas) is located 40 miles (64 km) from the ExxonMobilTM oil refinery 
(Baytown, Texas) [137]. At a steam cracker unit of the petrochemical complex, naptha 
was cracked into ethylene by the steam cracking method [136]. Then, ethylene entered 
the ExxonMobilTM polymerization plant by pipeline. The polymerization plant 
normally stays within the petrochemical complex. As such, the transport distance by 
pipeline was neglected in our analysis. At the polymerization plants, ethylene was 
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compressed, cooled and converted to high density polyethylene (HDPE) at the reactors 
[138]. There are two common types of polymerization techniques: (1) slurry phase 
polymerization in which ethylene is polymerized in solution with the addition of 
Phillips Cr/Silica catalyst [139, 140]. This process requires temperatures of 85-110°C 
and pressures of 30-45 bar [141], and (2) gas phase polymerization in which ethylene 
is in gaseous state during polymerization [80]. The gas phase polymerization, which 
was the most widely licensed and used polyethylene process in the world, operates at 
temperatures of 70-115°C and pressures of 20-30 bar using a trimethylaluminum-silica 
catalyst [142]. After polymerization, appropriate amounts of antioxidants and 
stabilizers were added to the polymer puff for pelletization to be shipped by train to the 
pipe production sites, which is located in Swedesboro, New Jersey. The cradle-to-gate 
system diagram for pristine HDPE is shown in Figure 2. 1.    
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Figure 2. 1: Cradle-to-gate system diagram of 1 kg of pristine HDPE 
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2.2.5. Post-consumer recycled HDPE 
 Postconsumer HDPE was collected and separated with other post-consumer waste 
and plastics at material recovery facilities (MRFs). According to Franklin Associates 
[126], the average travel distance of incoming materials was estimated to be ~500 miles 
(800 km). There are 1,323 MRFs across the U.S: 561 residential type MRFs and 760 
non-residential type MRFs [143]. They were classified into single-stream and dual 
stream MRFs. Single-stream MRFs process only one type of material, either fiber 
(paper and paperboard) or non-fiber (all other materials) [91]. Dual stream MRFs 
separate glass, plastic and metal out from the non-fiber materials. The sorting operations 
can range from manual sorting to highly mechanical systems, which use magnets, air 
classifiers, optical sorters etc. [126]. MRF technology levels for non-fiber lines were 
classified into four categories (1) level 1 has only manual separation with conveyor or 
balers; (2) level 2 involves the additional use of magnetic separators; (3) level 3 
involves other separator technology such as eddy current, air classifier, trommels and 
an integrated sort system; and (4) level 4 has the additional use of computer- assisted 
technology [126]. According to Government Advisory Associates, 49% of the MRFs 
have level 3 sorting technology [144]. The process energy data for the level 3 sorting 
technology was obtained from the Franklin Associate HDPE postconsumer report [91]. 
After plastics were sorted, postconsumer plastics were bailed and transported by truck 
to the plastic recovery facility (PRF), namely Envision Plastics. According to Envision 
Plastics, the mixed plastic bales were collected from MRFs across the U.S. The farthest 
and nearest MRFs from Envision Plastics are located in California (2600 miles (4200 
km)) and North Carolina (100 miles (160 km)), respectively. At PRF, mixed plastic 
bales were broken and sorted into Polyethylene (PE) and other plastics. The PE was 
reprocessed by grinding, washing and pelletizing. The PCR-HDPE pellets were then 
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transported by train to the pipe production site located in Swedesboro, New Jersey. The 
cradle-to-gate system diagram for PCR-HDPE is shown in Figure 2. 2.   
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Figure 2. 2: Cradle-to-gate system diagram of 1 kg of PCR-HDPE 
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2.2.6. Nanoclay Production 
 The nanoclay material, Nanomer® 1.44P, was provided in the form of a master batch 
by Nanocor. Nanoclay production begins with the raw clay (Sodium Bentonite (Na-
Bentonite)) ready to be shipped by train from the based clays (Wyoming) to the 
nanoclay manufacturing plants in Mississippi (1,600 miles (2580 km). Montmorillonite 
(MMT), which is the major constituent of  Na-Bentonite, is used to produce nanoclays 
[49]. MMT belongs to the smectite group of clay, which consists of two tetrahedral 
sheets with sodium cations (1 nm apart) and one edge-shared octahedral sheet with 
aluminum hydroxide [145], which are held together by Van der Waals forces. As 
indicated in prior studies [49, 145], the purity of the clay can affect the final 
nanocomposite properties. Therefore, the centrifugation technique is used to eliminate 
as many impurities as possible such as amorphouse silica, calcite, kaolin etc [49]. One 
important consequence of the charged nature of the MMT is that it is highly hydrophilic, 
which is incompatible with polyethylene. This results in the replacement of sodium 
cations by organic cations, namely dimethyle-dehydrogenated tallow ammonium, in the 
“organic modification” process before synthesizing polymer/clay nanocomposites [51, 
145]. The cation replacement transforms the surface properties of clay layers from 
hydrophilic to organophilic, which is compatible with the HDPE matrix. In addtion, the 
interlayer space is widened, which enables polymer chains to migrate between the clay 
layers more easily. There are three methods for manufacturing polymer clay 
nanocomposites (1) in-situ polymerization, in which a polymer precursor is inserted in 
between clay layers. The layered silicate platelets are expanded into the matrix by 
polymerization; (2) solution exfoliation, in which clays are swelled and dispersed into 
a polymer solution by solvent, and (3) melt intercalation, a procedure that applies 
intercalation and exfoliation of layered silicates in polymeric matrices during melting. 
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Zeng et al. [146] stated that the most economically viable and straightforward approach 
is the melt intercalation method. While the blending is taking place in a twin screw 
extruder, a commonly used compatibilizer, maleic hydride modified polymers (MAP), 
is added to promote complete nanoclay dispersion. Finally, the master-batch product is 
dried and then pelletized. The master-batch product, which is provided by Nanocor, 
contains 50% nanoclay and 50% HDPE carrier resin [94]. The nanoclay pellets were 
then transported by train to the pipe production site located in Swedesboro, New Jersey. 
The cradle-to-gate system diagram for nanoclay is show in Figure 2. 3.  
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Figure 2. 3: Cradle-to-gate system diagram of 1 kg of Nanoclay. 
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2.2.7. Uncertainties in Greenhouse Gas Emissions and Production Cost 
A single variable sensitivity analysis was conducted to identify important 
parameters that contribute to variability in LCIA result metrics (GHG emissions & 
cost) in the life cycle of the pipe materials. In the analysis, a single parameter was 
varied at the upper and lower bound uncertainty range (see  
 
Table 2. 6 for parameter ranges and assumptions) while others were held constant at 
the average values.  
 Pristine HDPE 
 For the production of pristine HDPE, the crude oil was transported by either train or 
pipeline from two oil bays (Alberta or Baytown) to the oil refinery located in Baytown, 
Texas. Therefore, the energy demand varied with the transportation distance and mode. 
Scenario 1 contains the high energy inputs, which were derived from the longer 
transportation distance (Alberta, Canada to Baytown, Tx) using the high energy-
consuming transportation mode (train). In contrast, scenario 2 consisted of the lower 
energy inputs derived from the shorter transportation distance (within Baytown, Texas) 
and the low energy-consuming transportation mode (pipeline). Additionally, as 
described in “Pristine HDPE” section, the slurry-phase polymerization consumed more 
energy than that of the gas-phase polymerization. Therefore, the slurry-phase and gas-
phase polymerizations were classified into scenarios 1 and 2 respectively.  
 PCR-HDPE 
 For the production of PCR-HDPE, the energy input of all processes relies on the 
material efficiency and transportation, which is dependent on the distance from 
Envision Plastics to the nearest and farthest MRFs. The transportation distance governs 
the energy difference between two scenarios since truck is the common mode. In this 
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study, the minimum material efficiency of sorting and reprocessing were 75% and 60%, 
which were reported in Perugini et al. [90] and BIO Intelligence Service [147] 
respectively. Perugini and colleagues considered a level-2 sorter, which is described in 
“Post-consumer recycled HDPE” section. The maximum sorting efficiency was based 
on the efficiency of an optical sorter, which can achieve a maximum efficiency rate of 
90% based on data from Patrick Engineering and partners [148]. Regarding the 
maximum efficient rate of reprocessing, this study used the value reported in Perugini 
et al. [90], which is 88%. As a result, the ranges for efficiency of sorting and 
reprocessing stages are 75-90% and 60-88%, respectively.  
 
 
Table 2. 6: Summary of model parameters for pristine HDPE, PCR-HDPE and nanoclay productions 
 
Key Parameters Contributes to the Scenario Analysis for GHG emissions 
Scenario Parameters Scen
ario 
1 
Scen
ario 
2 
Comments 
Pristine HDPE Production       
Transport distance [km]: 
Crude oil from bays to oil refinery  
4000 100 Scenario 1: Train from Alberta, Canada to Baytown, 
Texas oil refinery (4000 km), derived from Google 
Maps [117]  
Scenario 2: Pipeline (100 km), derived from Google 
Maps [117] 
HDPE Polymerization [MJ/kg 
HDPE] 
5.28 3.14 Scenario 1: Slurry polymerization [80] 
Scenario 2: Gas polymerization [80] 
        
PCR-HDPE Production       
Transport distance [km]: 
Plastics waste from MRFs to PRF 
3.26 0.23 Scenario 1: Truck from California (Farthest) to North 
Carolina (~4200 km), derived from Google Maps 
[117] 
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Scenario 2: Truck within North Carolina (Nearest) 
(~160 km), derived from Google Maps [117] 
Efficiency of sorting [%] 90 75 Scenario 1: Efficiency of an optical sorter obtained 
from a report prepared by Patrick Engineering [148].  
Scenario 2: Efficiency of a level 2 sorter from 
Perugini et al. [90] 
Efficiency of reprocessing [%] 88 60 Scenario 1: Efficiency of mechanical recycling 
system from Perugini et al. [90] 
Scenario 2: Efficiency of mechanical recycling 
system from Bio Intelligence Service [147] 
Energy from pristine HDPE 
Production [MJ/kg HDPE] 
71.4 68.1 Scenario 1: Low value of pristine HDPE production 
Scenario 2: High value of pristine HDPE production 
Nanoclay Production       
Energy  from pristine HDPE 
Production [MJ/kg HDPE] 
71.4 68.1 Scenario 1:High value of pristine HDPE production 
Scenario 2: Low value of pristine HDPE production 
Key Parameters Contributes to the Scenario Analysis for Production Cost 
Pristine HDPE Production       
Crude Oil [$/kg crude oil] 0.45 0.34 Scenario 1: Maximum crude oil price obtained from 
Index Mundi [127] 
Scenario 2: Minimum crude oil price obtained from 
Index Mundi [127] 
Electricity [$/kg HDPE] 1.6 1.48 Scenario 1: Electricity consumed in scenario 1 of 
pristine HDPE production 
Scenario 2: Electricity consumed in scenario 2 of 
pristine HDPE production 
 
Transportation Diesel [$/kg HDPE] 0.15 0.14 Scenario 1: Diesel consumed in scenario 1 of pristine 
HDPE production 
Scenario 2: Diesel consumed in scenario 2 of pristine 
HDPE production 
PCR-HDPE Production       
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Plastic Waste [$/kg PSW] 0.02 0.01 Scenario 1: Maximum plastic waste price reported by 
Kantchev [128] 
Scenario 2: Minimum plastic waste price reported by 
Kantchev [128] 
Electricity [$/kg PCR-HDPE] 0.11 0.1 Scenario 1: Electricity consumed in scenario 1 of 
PCR-HDPE production 
Scenario 2: Electricity consumed in scenario 2 of 
PCR-HDPE production 
Transportation Diesel [$/kg PCR-
HDPE] 
2.15 0.43 Scenario 1: Diesel consumed in scenario 1 of PCR-
HDPE production 
Scenario 2: Diesel consumed in scenario 2 of PCR-
HDPE production 
Nanoclay Production       
Bentonite Clay [$/kg clay] 0.07 0.06 Scenario 1: Maximum clay price reported in USGS 
survey [129] 
Scenario 2: Minimum clay price reported in USGS 
survey [129] 
Maleic anhydride (compatibilizer) 
[$/kg compatibilizer] 
1.78 1.73 Scenario 1: Maximum maleic anhydride price 
reported by Tecnon OrbiChem [130] 
Scenario 2: Minimum maleic anhydride price reported 
by Tecnon OrbiChem [130] 
Electricity [$/kg HDPE] 1.6 1.48 Scenario 1: Electricity consumed in scenario 1 of 
pristine HDPE production 
Scenario 2: Electricity consumed in scenario 2 of 
pristine HDPE production 
Transportation Diesel [$/kg HDPE] 0.15 0.14 Scenario 1: Diesel consumed in scenario 1 of pristine 
HDPE production 
Scenario 2: Diesel consumed in scenario 2 of pristine 
HDPE production 
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 Nanoclay  
 It is important to determine how much Na-Bentonite clay is needed to produce 1 kg 
of nanoclay. The amount of Bentonite per kg nanoclay varies with MMT content. 
Previous studies have reported different MMT content in Na-Bentonite [149, 150], 
showing a range by mass between 59% and 95%. For that reason, the amount of MMT 
purified from Bentonite also fluctuates. Table 2. 7 shows the amount of Na-Bentonite 
clay needed to produce 1 kg of MMT associated with different levels of MMT contents. 
The MMT is then organically modified and exfoliated into polymer matrix to produce 
nanoclay. At this stage, MMT is no longer the main component of nanoclay masterbatch 
due to the presence of pristine HDPE (approximately 50-%wt). Therefore, it requires 
less than 1 kg of MMT to produce 1 kg of nanoclay. According to Roes et al. [68], 
forming 1 kg of nanoclay requires 0.65 kg of MMT. Due to the lower demand of MMT, 
the amount of Na-Bentonite clay, required to make 1 kg of nanoclay, decreases 
accordingly (Table 2. 7). 
 
 
Table 2. 7 Bentonite (with different MMT content) is needed for the production of 1 kg nanoclay. 
 
 Low Average High 
MMT content in 1 kg of Na-Bentonite clay [kg] 0.95 0.77 0.59 
Bentonite needed to produce 1 kg MMT [kg] 1.05 1.30 1.69 
  
MMT needed to produce 1 kg nanoclay [kg] 0.65 
Bentonite needed to produce 1 kg nanoclay [kg] 0.68 0.84 1.1 
 
 
 
44 
 
 
 For the uncertainty analysis, scenario 1 includes the energy consumption 
corresponding to Na-Bentonite clay with lower MMT content and the higher energy to 
manufacture pristine HDPE. Scenario 2 contains the lower values of these parameters. 
 Production cost. 
Scenarios 1 and 2 comprise the higher and lower prices per kg of HDPE, PCR-HDPE 
and nanoclay. In addition, scenarios 1 and 2 also include the high and low energy costs 
respectively, which were derived from energy consumption estimated in the LCA. 
Sources for feedstock and energy costs can be found in Table 2. 5. 
2.4 Results: Life Cycle Impact Assessment 
This section presents results non-renewable energy input, GHG emissions, and cost 
for pristine HDPE, PCR-HDPE and nanoclay materials and for corrugated pipe made 
from pristine HDPE, HDPE/PCR and nanoclay HDPE/PCR.  
2.3.1. Life Cycle Energy and GHG Emissions 
 Life Cycle Energy and GHG Emissions of 1 kg of pristine HDPE, PCR-HDPE 
and nanoclay. 
Pristine HDPE requires the highest input of energy among the three materials at 64 
MJ/kg of pristine HDPE. This is mainly because of the high energy input required to 
extract and refine crude oil. The extraction and refining of oil takes up 52% of the total 
energy used to manufacture pristine HDPE.  For the GHG emissions, the pristine HDPE 
is the second highest at 2.5 kg∙CO2/kg of pristine HDPE (Table 2. 8). 
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Table 2. 8: Life Cycle Energy and GHG emissions for the production of 1 kg of pristine HDPE. 
 
Processes References 
Energy 
Input 
(MJ/kg) 
High(+)/
Low(-) 
GHG Emission 
(kg∙CO2/kg) 
High(+)/
Low(-) 
Crude oil extraction and 
production 
Crude oil mix [96, 
109] 1 33 0/0 0.54 0/0 
Transport crude oil from 
crude oil bays to oil 
refinery to extract naptha 
 
Diesel train [96] 2 0.56 +0.56/-0.56 3.9 X10
-2 +0.04/-0.039 
Oil refinery Petroleum 
production 
coproduct [96, 109] 
3 
6.4 0/0 0.46 0/0 
Transport naptha from 
oil refinery to steam 
cracker at a 
petrochemical complex 
by pipeline  
Pipeline [96] 4 0.0036 0/0 4X10-4 0/0 
Ethylene (Ethane 
cracking) Ethylene [96, 109] 
5 14 0/0 0.2 0/0 
Transport ethylene to 
polymerization plant by 
pipeline 
Pipeline [96] 6 0.005 0/0 0.001 0/0 
HDPE Polymerization [80, 111] 4.2 +1.04/-1.07 0.67 
+0.22/-
0.17 
Extrusion and 
pelletization 
Plastic extrusion 
profile [96] 7 3.2 0/0 0.48 0/0 
Transport pellets to pipe 
manufacture by train  
 
Diesel Train [96] 8 1.7 0/0 0.13 0/0 
Antioxidant (1000 ppm)- Benzene [96, 109] 9 0.07 0/0 0.001 0/0 
Total  64  2.5  
1,3,5,9 The data for these processes were developed in USEI by adopting the American industrial data.  
7 The data for these processes were developed in GaBi 6.0 by adopting the American industrial data.  
4,6 The data for this processes were developed in Gabi 6.0 by adopting the global industrial data .  
2,8 Train production, end-of-life treatment of the train and upstream processes for fuel production (e.g. 
exploration and production of fuels, refinery, transport) are not included in the data set. The upstream 
profile of diesel, which is used to operate train, is developed based on the U.S data. 
 
 
 
 PCR-HDPE consumes the lowest energy, at 8.8 MJ/kg of PCR-HDPE as well as the 
lowest GHG emissions of 1.4 kg∙CO2/kg of PCR-HDPE. The grinding and pelletizing 
processes consume 35% of the total energy consumption (Table 2. 9). In addition, the 
average travel distance of incoming PSW was assumed to be 500 miles (800 km) in this 
study, which could lead to an overestimate in energy consumption from transportation. 
A more accurate investigation could vary the results of the GHG emissions generated 
from transportation to capture the range of expected GHG emissions.  
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Table 2. 9: Life Cycle Energy and GHG emissions for the production of 1 kg of PCR-HDPE. 
 
Processes References 
Energ
y 
Input 
(MJ/k
g) 
High(+)/Lo
w(-) 
GHG 
Emission 
(kg∙CO2/
kg) 
High(+)/Lo
w(-) 
Transporting household scraps to MRFs by truck  Truck [96] 1 1.2 0/0 0.082 0/0 
Sorting at MRFs (electricity) [91] 0.6 +0.07/-0.1 0.12 0/0 
Compacting and bailing at MRFs (electricity) [90] 0.16 +0.02/-0.03 0.025 0/0 
Transportation (From MRFs to Envision Plastics at 
North Carolina) 
 
Truck 
[96] 1 1.7 +1.5/-1.5 0.12 +0.11/-0.11 
Sorting [90]     
Diesel  0.14 +0.01/-0.01 0.07 +0.01/-0.01 
Electricity  0.21 +0.02/-0.02 0.032 +0.003/-0.003 
PE Reprocessing      
Washing [36] 0.25 +0.06/-0.04 0.05 +0.01/-0.01 
Grinding [36] 0.78 +0.21/-0.11 0.16 +0.04/-0.03 
Extruding and pelletizing [36] 2.2 +0.6/-0.3 0.3 +0.1/-0.0 
Transport pellets to pipe manufacturing  Truck [96] 2 0.29 0/0 0.21 0/0 
Antioxidant (1000 ppm) Benzene [109] 3 0.01 0/0 0.008 0/0 
Total  7.65  1.2  
1,2 Truck production, end-of-life treatment of the truck and the fuel supply chain (emissions of 
exploration, refinery, transportation etc.) are not included in the data set. The upstream profile of diesel, 
which is used to operate train, is developed based on the U.S data 
3 The data for these processes were developed in USEI by adopting the American industrial data.  
 
 
Nanoclay was the second highest energy consumer with 47 MJ/kg of nanoclay; 
however, on a unit basis it generates the largest GHG emissions at 3.2 kg∙CO2/kg of 
nanoclay compared to the pristine HDPE and PCR-HDPE. The material production 
stage consumes more than 90% of the total energy consumed in the nanoclay 
production, mainly due to the organic modification process, 19 MJ/kg of clay (Table 2. 
10).   
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Table 2. 10: Life Cycle Energy and GHG emissions for the production of 1 kg of nanoclay. 
 
Processes References 
Energy 
Input 
(MJ/kg) 
High(+)/Lo
w(-) 
GHG 
Emission 
(kg∙CO2/k
g) 
High(+)/Lo
w(-) 
Bentonite extraction Excavator and truck transport 1 0.22 +0.07/-0.04 0.015 
+0.005/-
0.003 
Transport by train 
 Rail transport [96]
 2 0.84 +0.26/-0.16 0.063 +0.02/-0.012 
Water Dispersion [94] 0.086 +0.024/-0.016 0.014 
+0.004/-
0.003 
Centrifuge Purification [94] 0.30 +0.09/-0.057 0.048 +0.014/-0.009 
Organic Modification 
(electricity) [68] 19 +5.7/-3.5 2.9 +0.9/-0.56 
Dewatering/Drying 
(electricity) [94] 0.20 
+0.058/-
0.038 0.032 +0.01/-0.006 
Milling (electricity) [94] 0.40 +0.12/-0.077 0.064 +0.019/-0.012 
Transport pellets to pipe 
manufacturer  Truck [96]
 3 1.2 0/0 0.087 0/0 
Dimethyl 
dehydrogenated tallow 
Ammonium Salt 
[96] 4 3.8 0/0 0.33 0/0 
Maleic Anhydride 
(Compatibilizer, 3000 
ppm) 
Maleic Anhydride  
[96, 109] 5 0.12 0/0 0.02 0/0 
Master batch (50% 
nanoclay + 50% 
HDPE) 
 47  3.2  
1,5 The data for these processes were developed in USEI by adopting the American industrial data. 
4 The data for these processes were developed in Gabi 6.0 by adopting the German industrial data. 
2,3 Truck and train productions, end-of-life treatment of the truck/train and the fuel supply chain 
(emissions of exploration, refinery, transportation etc.) are not included in the data set. The upstream 
profile of diesel, which is used to operate truck/train, is developed based on the U.S data 
 
 
  
 Life Cycle Energy and GHG Emissions of pristine HDPE, HDPE/PCR and 
nanoclay HDPE/PCR pipes. 
Pristine HDPE pipe generates the largest GHG emissions and consumes the most 
energy compared to HDPE/PCR and nanoclay HDPE/PCR pipes (Figure 2. 4 & Figure 
2. 5). On average, the pristine HDPE pipe consumes 42% more energy than HDPE/PCR 
and 52% more energy than nanoclay HDPE/PCR pipes (Figure 2. 4 & Table A. 1). The 
main source for the GHG emissions of pristine HDPE pipe comes from the production 
of pristine HDPE (95%). The production of pristine HDPE also makes up a large 
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portion of total GHG emissions produced from HDPE/PCR and nanoclay HDPE/PCR 
pipe manufacturing, 81% and 75% respectively (Table A. 1).   
PCR-HDPE contributes much less to the total energy input and GHG emissions 
than does pristine HDPE for both HDPE/PCR and nanoclay HDPE/PCR pipes. In these 
two pipes, PCR-HDPE contributes 9-10% and 23-26% to the energy consumption and 
GHG emissions, respectively (Table A. 1). Both HDPE/PCR and nanoclay HDPE/PCR 
pipes require slightly different levels of energy input. The addition of nanoclay in 
HDPE/PCR pipe decreases the energy consumption and GHG emissions by around 
16% compared to the HDPE/PCR pipe (Figure 2. 4 & Figure 2. 5). This is due to the 
fact that the mass of the nanocomposite pipe is lighter. The 6 wt-% of nanoclay is a 
high concentration for polyethylene nanocomposite. Thus, the impact of nanoclay on 
energy consumption and GHG emissions will be even smaller at a lower nanoclay 
weight percentage.    
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Figure 2. 4: Life Cycle Energy for the production of 20-foot pristine HDPE, HDPE/PCR and nanoclay 
HDPE/PCR pipes (at average value). Main bars represent average values, error bars represent high and 
low values. 
 
 
 
 
 
Figure 2. 5: Life Cycle GHG Emission for the production of 20-foot HDPE, HDPE/PCR and nanoclay 
HDPE/PCR pipes. Main bars represent average values, error bars represent high and low values. 
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2.3.2. Production Cost 
 Cost of components 1kg of pristine HPDE, PCR-HDPE and nanoclay. 
Pristine HDPE is the second most expensive component; its price ranges between 
$1.6-1.8/kg. The price of PCR-HDPE is the least expensive ranging between $0.6-
2.3/kg. The nanoclay price ranges from $6.4-6.6/kg, which is the highest of all three 
materials (Table 2. 11). The energy cost contributes more to the total cost of these 
materials, except for nanoclay. 
 
 
Table 2. 11: Production cost of 1 kg of pristine HDPE, PCR-HDPE and nanoclay.  
 
 Unit/kg Average High(+)/Low(-) 
Material Cost (HDPE) $/kg 0.29 +0.03/-0.05 
Material Cost (PCR-HDPE) $/kg 0.03 +0.01/-0.01 
Material Cost (nanoclay) $/kg 5.5 +0.04/-0.03 
Energy cost (HDPE)1 $/kg 1.3 +0.03/-0.03 
Energy cost (PCR-HDPE)1 $/kg 1.05 +1.2/-0.54 
Energy cost (nanoclay) 1 $/kg 1.03 +0.05/-0.07 
Production Cost ($/1 kg of material) 
HDPE $/kg 1.6 +0.06/-0.07 
PCR-HDPE $/kg 1.1 +2.3/-0.55 
Nanoclay $/kg 6.5 +0.1/-0.1 
  1 Derived from the transport and processing energy. 
 
 
 Cost of pristine HDPE, HDPE/PCR and nanoclay HDPE/PCR pipes. 
The nanoclay wt-% in our study was determined based on the highest production 
cost of the nanocomposite. The HDPE nanocomposite with 6-wt% nanoclay is the most 
expensive (Table 2. 12).   
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Table 2. 12. Production cost of nanocomposite with 2 %, 4% and 6 wt% nanoclay. Costs by material 
input and extrusion are included. 
 
20-foot nanoclay HDPE/PCR pipe 
  unit cost  ($/kg) 
2-wt% nanocomposite  
[Cost ($)/ (weight 
fraction (%))] 
4-wt% nanocomposite 
[Cost ($)/ (weight fraction 
(%))] 
6-wt% nanocomposite 
[Cost ($)/ (weight fraction 
(%))] 
HDPE 1.6 64/(49) 63/(48) 62/(47) 
PCR-HDPE 1.1 45/(49) 44/(48) 43/(47) 
Nanoclay 6.5 11/(2) 22/(4) 32/(6) 
Extrusion 0.65 54 54 54 
Production Cost ($/pipe)   173 182 190 
 
 
 
The production cost of pristine HDPE pipe is $230/pipe, which is 13% and 17% 
higher than HDPE/PCR and nanoclay HDPE/PCR pipes, respectively (Figure 2. 6). 
Furthermore, the production cost of pristine HDPE contributes 40% and 32% to the 
production cost of HDPE/PCR and nanoclay HDPE/PCR pipes, respectively (Table A. 
2). For these alternative pipes, PCR-HDPE contributes 22-28% of the production cost. 
Although nanoclay is more expensive than the other two components, it only constitutes 
a small fraction in weight (6-wt %) of nanoclay HDPE/PCR and thus contributes only 
~17% to the production cost of the nanocomposite pipe (Table A. 2). The extrusion cost 
also plays a significant role in the production cost of all pipes since it contributes 28-
33% of the production cost. 
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Figure 2. 6: Production cost of 20-foot pristine HDPE, nanoclay HDPE/PCR and HDPE/PCR pipes. Main 
bars represent average values, error bars represent high and low values. 
 
 
2.3.3. Sensitivity Analysis 
 Life cycle GHG emissions 
The ranges of GHG emissions of three material components are presented in Table 
8-10. The high, low and average (base) GHG emissions of the production for pristine 
HDPE, HDPE/PCR and nanoclay HDPE/PCR pipes are described in Table A. 1. The 
results of the sensitivity analysis for HDPE, PCR-HDPE, and nanoclay parameter 
inputs on the nanocomposite pipe’s GHG emissions are presented in Figure 2. 7. 
The manufacturing of pristine HDPE has the greatest influence on the average 
(base) GHG emissions of nanoclay HDPE/PCR pipe, which is 200 kg∙CO2 e/kg (Figure 
2. 7 & Table A. 1). This manufacturing stage can impose a variation in the base GHG 
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emissions by +4/-6 kg∙CO2 e/kg (+3%/-2%). This variation was mainly due to the 
different polymerization techniques, which consumes various levels of energy. 
The feedstock production phase of recycled plastic has the second-largest impact 
on the base GHG emissions of the nanocomposite pipe since it can cause the base value 
to vary by +5/-4 kg∙CO2 e/kg (+2.3%/-1.8%). These results from the large waste 
collecting radius of MRFs considered in our study, which led to a large variation in 
transportation energy consumption.  
The clay mining process has the least effect on the GHG of nanoclay HDPE/PCR 
pipe because the entire reprocessing procedure consumes minimal energy (Figure 2. 7). 
The results of the sensitivity analysis indicate the important contribution of 
polyethylene to the overall GHG emissions of the nanocomposite. 
 
 
 
Figure 2. 7: Sensitivity analysis of GHG emissions of HDPE, PCR-HDPE and nanoclay in the nanoclay 
HDPE/PCR. The tornado diagram shows that GHG emissions are most sensitive to the material 
production stage of pristine HDPE and least sensitive to the feedstock production stage of nanoclay. An 
increase in GHG emissions sensitivity is shown in 50% gray; and a decrease in GHG emissions sensitivity 
is shown in black. 
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 Production Cost 
Sensitivity analysis results (Figure 2. 8) show that a variation in the energy cost for 
collecting, baling, transporting and reprocessing recycled PE can lead to the most 
adverse or positive effect on the production cost of nanoclay HDPE/PCR pipe. The 
variation in energy cost of PCR-HDPE ($170-$238/pipe), mainly due to transportation 
by truck, can change the average cost of the nanocomposite pipe by +$47/-$21/kg 
(+25%/-11%), whereas all the other parameters may cause variation in the nanoclay 
HDPE/PCR pipe cost by less than or equal to 1% of the average.  
 
 
 
 
Figure 2. 8: Sensitivity analysis of cost of each component in the nanoclay HDPE/PCR. The tornado 
diagram shows that cost is most sensitive to energy cost of PCR-HDPE. An increase in cost is shown in 
50% gray; and a decrease in cost sensitivity is shown in black. 
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2.5 Discussion: Life Cycle Interpretation 
2.4.1. Life Cycle Assessment 
 The mass of pipe influences the life cycle energy and GHG emissions of pristine 
HDPE and alternative pipe. The material indices, which were derived from physical 
properties [107], were adopted in other studies [68-70] to estimate the decrease in 
weight of nanocomposite products. These studies used the elastic modulus and density 
values from a variety of literature to calculate weight reduction whereas this chapter 
used the crystallinity and elastic modulus obtained from our research team.  
 Our analysis evaluated the energy consumption per kg of pristine HPDE to be 62-
65 MJ. This estimate agrees with a study by CSIRO [27] in which the author reported 
the energy consumption for PE production to be 75-103 MJ/kg of PE. The average GHG 
emissions of pristine HDPE in this chapter are 24% higher than the estimate in Brogaard 
et al. [151] and 8% higher than in Franklin Associate’s report [126]. Brogaard et al. 
[151], Franklin Associates and CSIRO [27, 91, 151] found that the production of 
pristine HDPE had a major impact on the GHG emissions of its associated products. 
This results from the high embodied energy and emissions used in the feedstock stage 
of plastic manufacturing. Their finding resonates with our analysis; however, the 
overall discrepancy between their study and ours comes from the data collection 
methods and the quality of background information of various datasets. Whereas 
Brogaard and colleagues [151] collected and organized the GHG emissions of pristine 
HDPE from 26 different datasets, Franklin Associates [91] collected the process data 
from the manufacturing plants across the U.S.   
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 Further, Brogaard et al. [151] and Franklin Associates [91] also evaluated the 
environmental burden and energy demand for recycling polyethylene, respectively. 
Compared to Brogaard’s study, the average GHG emissions of PCR-HDPE in this 
chapter, 1.4 kg∙CO2/kg of PCR-HDPE, is 62% higher. The average energy consumption 
for HDPE/PCR presented here is 32% higher than the energy estimate in Franklin 
Associate’s report, 
 The environmental impacts of nanoclay production were derived from the energy 
input provided by Nanocor Inc. [94]. The average GHG emissions in this chapter 
compare well with prior research by Roes et al. [68], Joshi et al. [116] and Schrijvers et 
al. [70]. These earlier studies derived the energy consumption and GHG emissions to 
produce nanoclay from European databases. Utilizing the results from these studies, the 
highest and lowest GHG emissions per kg of nanoclay are 3.6 kg∙CO2e and 1.5 kg∙CO2-
e, respectively.  
 The system boundary, transportation modes and distances in our analysis were 
specified by precise locations in the U.S. based on polymerization facilities and pipe 
extrusion manufacturing facilities, unlike the study by Franklin Associates, which 
assumed general distances and transportation modes. In their work, Franklin Associates 
apportioned crude oil transportation requirements among ocean tankers (from Alaska 
to the lower 48 states), pipelines and barges (domestic transportation of crude oil), 
whereas our study assumed rail (from Canada) and pipeline (in the U.S.) as the primary 
transportation modes for crude oil. In Franklin Associates’ report, the foreign and 
domestic crude oil supply data were outdated since they were obtained in 2003. The 
current supply data in our study were expected to change the logistics and its relative 
energy demand.  
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 Our analysis obtained the process data for HDPE from the GaBi 6.0 and DataSmart 
LCI databases (e.g. the energy inputs and GHG emissions for crude oil production and 
naptha steam cracking). The environmental modules for these processes were 
developed according to the energy conditions in the United States. Natural gas is the 
main feedstock used to produce ethylene in the U.S. Therefore, the energy consumption 
and GHG emissions from the feedstock stage (mainly processing raw natural gas) of 
polyethylene production are expected to be different than the current results. Review of 
literature (Table 2. 13) presents different estimates of three performance metrics for the 
production of HDPE, PCR-HDPE and nanoclay, as compared with our results.  
This chapter emphasizes that the substitution of pristine HDPE by PCR-HDPE 
significantly improves the environmental performance and production cost of 
corrugated drainage pipe.  Approximately 43% of the energy inputs and 15% 
production cost are reduced by decreasing to 50 wt-% pristine HDPE. The use of 
conventional plastics has been a great concern because of the high energy requirements 
during their feedstock production stage. This work  agreed with many previous studies 
[29, 36, 68, 70, 82] that the extraction and production of crude oil demands a great 
amount of energy and thus significantly contributes to environmental impacts, 
specifically GHG emissions. To mitigate these resource and environmental damages, it 
is important to research and find potential substitution for conventional plastics. Those 
alternatives should not only fulfill the performance level requirements (comparable 
with pristine HDPE), they should maintain competitive production costs while 
addressing environmental goals.  
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Table 2. 13. Comparison of different studies concerning the energy inputs, GHG emissions and cost of 
pristine HDPE, PCR-HDPE and nanoclay.  
 
 Energy Inputs  
(MJ/kg) 
GHG Emissions 
(kg∙CO2 e/kg) 
Cost  
(USD/kg)1 
HDPE    
This study 68-71 2.8-3.3 1.6-1.8 
Roes et al [68] 50 -- -- 
Brogaard  [151] -- 0.7-3.1 -- 
Franklin Associates 
[126] 
842 2.33 -- 
Ambrose [27] 75-103   
PCR-HDPE    
This study 7.7-11 1.4-1.6 0.6-2.3 
Franklin Associates 
[91] 
5.8 -- -- 
Brogaard [151] -- 0.21-0.53 -- 
Nanoclay    
This study 48-55 3.2-4.2 6.5-6.7 
Roes et al [68] 70 3.6 6.9-15.7 
Schrijvers et al [70] 73 3.2 -- 
Joshi [116] 40 1.5 -- 
1 Material cost.  
2 Energy inputs include the production of extracting crude oil (46.84 MJ/kg), refining petroleum products 
(3.63MJ/kg), producing ethylene (17.7 MJ/kg), and producing HDPE (15.5 MJ/kg). 
3 GHG emissions include the production of extracting crude oil (0.0064 kg CO2e/kg), refining petroleum 
products (1.127 kg CO2e /kg), producing ethylene (1.25 kg CO2/kg), and producing HDPE (2.43X10-4 
kg CO2/kg). 
 
 
2.4.2. Production Cost 
The production cost of pristine HDPE pipe is the highest compared to the other two 
pipe systems. The production cost of the pristine HDPE pipe varies from $220-$236. 
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The selling price of a pristine HDPE pipe, as quoted from commercial data, is 
approximately $15.9/ft [152]. In other words, it costs $318/20-ft pipe. It is reasonable 
to assume that a pipe manufacturer would set the selling price of a pipe to at least 30% 
higher than the production cost. Under this assumption, the average selling price would 
be approximately $299/20-ft pipe or $15/ft in our study. This estimate is in line with 
that reported by Pluimer [152]. The authors believe that the result of this study would 
vary depending on logistics.  
The use of PCR-HDPE in the pipe decreases the production cost by an average of 
15%, compared to the pristine HDPE pipe. Similarly, the substitution of pristine HDPE 
by nanocomposite reduces the pipe cost by 17%. However, this trend did not appear in 
the upper bound; the production cost of the recycled material pipe could exceed the cost 
of the pristine HDPE pipe, which defeats the purpose of reducing cost (Table A.II). 
This issue can be explained by the sensitivity analysis results. In fact, the uncertainty in 
energy cost for PCR-HDPE was shown to be the largest impact on the production cost 
of nanoclay HDPE/PCR. This is due to a large variation in transportation distance by 
truck (597-3107 miles (960-5000 km)). This transport mode was estimated to be the 
most expensive mode compared with other transport means (e.g. train, pipeline). In this 
chapter, the transportation energy for three materials was strongly dependent on the 
locations of resources and plants. Because of that, the transportation energy 
consumption and cost could vary with different scenarios.     
2.4.3. Interpretation of Study Results 
Regarding the performance of buried pipe, it is not only dependent on pipe’s 
mechanical properties but also it relies on the uniformly well-compacted soil 
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surrounding the pipe. Soft soil or compacted soil on one side will allow for deformation, 
which could lead to collapse or buckling of the pipe [100]. Therefore, proper installation 
in which equipment is needed to excavate a trench and lift the pipe in place is critical 
to the service life of the pipe. These steps would result in energy consumption and GHG 
emissions released from the excavated soil. On top of that, there are energy 
consumption, GHG emissions and costs associated with the frequent repair of failed 
joints, replacement of collapsed pipe resulting from erosion during service. At the end 
of a pipe’s life, energy consumption and emissions result from a number of activities 
such as soil excavating, pipe transporting, pipe recycling, and energy recovering or 
landfilling. In some cases, study of the end of life of drainage pipes could be ignored if 
they were left beneath the ground after being disconnected from the network [153]. 
Further research should incorporate the in-use and end of life (i.e. pipe is recycled or 
landfilled) data to accomplish a cradle-to-grave life cycle study.  
2.6 Conclusion 
 This chapter shows that the nanocomposite material decreases GWP and production 
cost. The long term stress cracking resistance of this material was also shown to be 
similar to or greater than its fossil counterpart as noted by Na and colleagues  [45], who 
used the J-integral method to predict the fracture behavior of nanocomposites. The 
GHG emissions of nanoclay HDPE/PCR decrease significantly due to the minimal 
dependence on the crude oil extraction and processing stages. From this research, the 
pipe, which is made from nanocomposite, was evaluated to be lighter than the 
conventional material. This will reduce the labor cost and the energy consumed during 
installation and transportation. For these reasons, this alternative holds great promise to 
pipe investors for replacing conventional polymers. However, the in-use data are still 
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missing since the investigated nanocomposite here is still under research, which leads 
to the difficulty of justifying the use of this material in industry. Although nanoclay 
HDPE/PCR is still in its infancy, research and development is ongoing to enhance its 
quality with the intention of replacing conventional polyethylene in producing non-
pressure drainage pipe. The results show the resource, environmental, and economic 
tradeoffs when replacing HDPE resin by recycled plastics and adding small fractions 
of nanoclay to enhance the mechanical properties of polymeric nanocomposite pipe. 
From an economic point of view, the substitution of pristine resin with nanoclay (small 
fraction) and recycled plastic in pipe reduced the production cost. The production cost 
of the HDPE/PCR and nanoclay HDPE/PCR pipes is 12%-17% less than that of the 
pristine HDPE pipe. This chapter concludes that the use of recycled HDPE and 
nanoclay have clear environmental and economic advantages over pristine HDPE 
because a large portion of the energy consumed to produce the crude oil is avoided, 
which reduces the GHG emissions and mitigates the energy cost of the feedstock 
production. Results of the sensitivity analysis suggest that a wide range of energy cost 
of PCR-HDPE can incur significant variability in the total cost of the nanocomposite. 
This is caused by a large variation in transportation distance by truck. Results of the 
energy cost (process and transport) may be quite different in regions due to the change 
in the upstream profile of the supplying electricity grid. The work in this chapter shows 
the minimal impacts of nanoclay on the production cost of nanocomposite. In order to 
estimate the GHG emissions of the recycled plastics, the distance of the incoming 
plastic waste was assumed based on the responses of a few MRFs 500 miles (800 km). 
Future work should further investigate a variety of MRFs in order to better estimate the 
radius of incoming waste materials, especially plastic waste. The results from this 
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chapter are a preliminary step to shed a light to a more holistic green polymer research 
for drainage pipe applications. 
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CHAPTER 3: UNCERTAINTY IN LIFE CYCLE GREENHOUSE GAS 
EMISSIONS FROM ADVANCED BIOMASS FEEDSTOCK LOGISTICS 
SUPPLY CHAINS IN KANSAS 
 
 
3.1. Relevance and Status 
 Bio-based polymers have been shown to have better environmental performance 
than their conventional counterpart based on previous studies [53, 154] because of its 
low energy consuming supply chain. Ethanol derived from biomass (lignocellulose) can 
be used as a feedstock for the production of ethylene, the monomer used to produce 
polyethylene. This chapter examines the uncertainty in greenhouse gas (GHG) 
emissions of corn stover logistics within a bio-ethanol supply chain in the state of 
Kansas, where sustainable biomass supply varies spatially. Further, the work in this 
chapter considered the commodity system which has been proposed and designed to 
deliver quality-controlled biomass feedstocks at preprocessing “depots” to improve the 
feedstock logistics of lignocellulosic biofuels.  The logistical design of this system will 
also help access available biomass resources from areas with varying yields. 
Preprocessing depots densify and stabilize the biomass prior to long-distance transport 
and delivery to centralized biorefineries. The logistics of biomass commodity supply 
chains could introduce spatially variable environmental impacts into the biofuel life 
cycle due to needing to harvest, move, and preprocess biomass from multiple distances 
that have variable spatial density. This chapter found that the transport of the densified 
biomass imposes most variation to the logistics supply chain GHG emissions. 
Moreover, depending upon the biomass availability and its spatial density and 
surrounding transportation infrastructure (road and rail), logistics can increase the 
64 
 
 
variability in life cycle environmental impacts for lignocellulosic biofuels. The work of 
this chapter was published in a peered-journal and is cited as: 
Nguyen. L, Cafferty. K, Searcy. E, S Spatari (2014) Uncertainties in Life Cycle 
Greenhouse Gas Emissions from Advanced Biomass Feedstock Logistics Supply 
Chains in Kansas Energies. 7: p. 7125-7146. 
 
3.2. Introduction 
 Post-industrialized economies rely on energy for almost all fundamental needs 
including food production, heat, transportation, manufacturing, and communication. 
Since the Industrial Revolution fossil energy resources such as coal, petroleum, and 
natural gas have become the dominant sources of energy because they are readily 
accessible and inexpensive. The use of fossil fuels have enabled large-scale industrial 
development, but growing concerns regarding energy security and the environment, 
particularly climate change, have inspired the development of mandates for renewable 
energy from wind, biomass, and solar energy sources. In the United States for example, 
by 2022, the Energy Independence and Securities Act (EISA) of 2007 requires that 61 
billion L/year cellulosic ethanol replace petroleum-based transportation fuels. To meet 
this demand, an estimated 242 million Mg/year of biomass will need to be supplied to 
biorefineries that can process lignocellulose [155]. Sufficient biomass supply has been 
identified to meet these requirements through large-scale national assessments [156], 
and research is on-going concerning the logistics required to cultivate, harvest, 
transport, and process such large quantities of biomass into fuel. This chapter focuses 
on the supply and logistics chain of the lignocellulosic ethanol produced from corn 
stover, an agricultural residue. 
 Biomass supply chains currently use equipment and infrastructure designed for 
existing agriculture and forest industries. These supply chains are designed to move 
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biomass short distances, store it for limited periods of time, and are limited in their 
ability to address biomass quality issues like moisture and ash content. Most widely 
cited lignocellulosic biorefinery designs [157-160] that utilize agricultural residues 
(e.g., corn stover) or dedicated energy crops (e.g., switchgrass) for biochemical 
conversion to alcohol have been designed and priced to take in baled biomass 
feedstocks, assuming the existing (conventional) infrastructure. Although these 
conventional systems are cost-effective in high biomass-yielding areas, such as 
supplying corn stover in Iowa or forest resources in the southeast, they are limited in 
their ability to support and meet long term national biofuels production goals [161]. For 
example, there are ample biomass resources that would be considered stranded under 
this model due to having a high transport distance that would result in prohibitive costs. 
A strong driver for the conventional system is to minimize transportation costs as 
biomass characteristics make them expensive to handle and transport. Examples of 
these characteristics include high moisture content, low bulk density, low energy 
density, high variability, and multiple formats. Richard [162] reviews the challenges of 
establishing bioenergy systems from low energy-density biomass resources and 
discusses different technologies for increasing the energy density of agricultural 
feedstocks through different preprocessing steps, including pelleting, pyrolysis, and 
torrefaction. Such densification systems may be more appropriate for thermochemical 
(e.g., torrefaction and pyrolysis) as opposed to biochemical (pelleting) conversion 
[162]. One approach to addressing these challenges for biochemical conversion 
platforms, while also bringing in stranded resources and reducing risk to the biorefinery, 
is to transition to a commodity-based feedstock supply system, such as that proposed 
by Idaho National Laboratory (INL) [161]. The commodity system incorporates 
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distributed biomass preprocessing depots located near the point of production. The 
depots can provide the biorefineries with a quality-controlled biomass supply, which is 
sourced from a variety of biomass types [163]. Based on the availability of sufficient 
corn stover in Kansas to meet the biorefinery’s capacity (2000 dry metric tons/day 
based on the work of [160]), the biorefinery could take in corn stover feedstock to meet 
annual supply. In the commodity system, the variability in feedstock characteristics 
such as moisture and ash content can be addressed by the local preprocessing depot to 
therefore supply the biorefinery with a dense, stable, quality controlled feedstock [162].  
 Most life cycle assessment (LCA) studies of biochemically-derived ethanol from 
lignocellulose have assumed the conventional model of delivering baled biomass (for 
agricultural residues or dedicated energy crops/purpose-grown grasses) directly to the 
lignocellulosic biorefinery [57, 164-167]; however, recent LCA literature has compared 
conventional and commodity systems. Eranki et al. [168] compared the energy inputs 
and GHG emissions of commodity and conventional systems delivered to a 5000 
ton/day centralized biorefinery. The commodity system consists of nine preprocessing 
depots with a fixed capacity (500 tons/day). The mass fraction of biomass feedstock 
(corn stover, switchgrass and miscanthus) was varied in order to account for the 
uncertainty in energy requirements for feedstock production. The study concluded that 
the commodity system’s GHG emissions are about 4% lower, while consuming 
approximately the same total energy as the conventional system. The study also 
emphasized that the processing technology was critical to cost-reduction for the 
commodity system, a point also addressed by Shastri et al. [169]  and Uria-Martinez et 
al. [170]. Recently, Argo et al. [171] evaluated several environmental sustainability 
impacts [100-year global warming potential (GWP), rainfall (green water) and ground 
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water through irrigation (blue water) footprints], and costs for advanced logistics 
designs that employ densification steps for preprocessing agricultural residues and 
grasses in depots for long-haul transport to centralized biorefineries designed on the 
biochemical platform. Their results showed that the commodity system reduced both 
spatial and temporal variability and thus stabilized the cost of the feedstock logistics 
and supply chain. Egbendewe-Mondzozo et al. [172] analyzed the cost and GHG 
emissions of conventional and commodity systems practiced in Southwest Michigan. 
The supply and logistics chain of the commodity system included seven preprocessing 
depots located in nine counties, and a centralized biorefinery. The authors examined 
different processing technology in order to evaluate their effects on biofuel production 
cost and energy inputs. The study concluded that the commodity system reduced the 
net life cycle GHG emissions; however, the profitability varied with the type of biomass 
feedstock and processing technology. Ray et al. [173, 174] tested the effects of corn 
stover pellet densification on low- and high-solids pretreatment performance within 
biochemical conversion systems. The study concluded that pelletizing corn stover did 
not have a negative impact on pretreatment efficacy. Limited investigation from 
literature on the effects of densified feedstock on downstream processes suggests there 
is no adverse impact or possible improvement on pretreatment efficacy [175-177].  
 Select literature has examined spatial contributions to life cycle environmental 
impacts of ethanol from different feedstocks, mainly pertaining to the infrastructure and 
logistics of moving the product (ethanol fuel) to demand centers. For example, Wakeley 
et al. [178] concluded that at higher production scales, ethanol long-haul transport costs 
and environmental emissions would decline through use of rail infrastructure to 
transport due to the majority of supply (in the Midwest) needing to access demand 
68 
 
 
centers (on east and west coasts of the U.S). Strogen and colleagues evaluated the costs 
and emissions of bio-ethanol distribution on a larger scale than previously studied, and 
concluded that annual ethanol production scale critically impacts the average transport 
distance to end use markets [179]. The authors found that more than 300,000 tons of 
CO2e could be avoided if all unnecessary transportation were eliminated. Moreover, 
Argo et al. [171] found that the logistics of the commodity system results in lower 
production costs than the conventional one when the biorefinery capacities are above 
5000 Mg/day. A study by INL acknowledges that the transportation cost savings in the 
commodity system does not completely offset the costs associated with the pelleting 
and regrinding at all transport distances. If the benefits of handling and storing pellets 
are monetized, the transportation cost savings can be increased and thus can balance or 
exceed the cost of densification. However, the total cost of the commodity supply chain 
system could be higher than the conventional system due to the addition of 
preprocessing operations and equipment [169, 174]. The objective of this chapter is to 
evaluate the spatial variability of life cycle environmental impacts owing to 
characteristics along the biomass feedstock supply chain, (i.e., from field to depot to 
biorefinery with intermediate transportation and preprocessing steps) that incur 
variability as a result of the quantity of biomass harvested, collected, stored, moved, 
and preprocessed prior to long-distance transport to a centralized biorefinery. Thus, our 
focus is on identifying processes within the feedstock logistics sequence that introduce 
the most significant uncertainty in life cycle impact assessment (LCIA). This chapter 
focuses on one LCIA, the 100-year global warming potential (GWP) applied to a case 
study of a commodity system design in the state of Kansas (United States) through 
several configurations for depot location siting, and discuss the relevance to other 
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important environmental impacts within agricultural bioenergy supply systems. Kansas 
was chosen in INL's 2017 [180] design report as an area that could support a uniform 
format "depot" supply system design mainly because of resource density (i.e., the 
presence of sufficient biomass supply) and mix of different feedstocks in different 
supply regions of the U.S. This chapter focuses on Kansas in order to leverage 
assumptions from INL’s 2017 report for the Midwest region, whose supply of corn 
stover could support depots supplying biomass commodities to a centralized 
biorefinery; and to demonstrate the depot design where it may likely take place, given 
resource availability. The specific objective in this chapter is to evaluate the uncertainty 
in life cycle GWP of the harvest, collection, storage, preprocessing, and transportation 
stages with two different configurations of depot size and location, whereby the 
location, size, and number of depots for a particular feedstock supply system design 
may incur significant dominance and/or variability to the life cycle GWP. 
3.3. Methodology 
 Life cycle assessment (LCA), following ISO 14040 methods [181], was applied to 
evaluate environmental aspects of the bio-ethanol logistics and supply chain. Data for 
the life cycle inventory model, which include the energy resources consumed to process 
corn stover at different scales, were derived using simulations from the Biomass 
Logistics Model (BLM) developed using PowersimTM at Idaho National Laboratory 
(INL) [182]. The BLM incorporates information from a number of databases which 
include all the data related to; (1) the engineering performance data of biomass pre-
processing equipment; (2) labor costs; and (3) local tax and regulation data [182]. 
ArcGIS [183] was employed in this chapter in order to site the biorefinery and 
preprocessing depots and define all transportation distances. The spatial data are 
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publicly available on the website of the Kansas Department of Transportation, the 
United States Census Bureau and the Kansas data access & support center (DASC) 
[184-186]. The analysis in this chapter use an attributional LCA (aLCA) approach to 
investigate the spatial variability in LCIA metrics; however, we note the limitations of 
this approach raised by Andersen (2013) [187], who discusses potentially negative 
environmental impacts of agricultural residue diversion, in that case, bagasse, for 
biofuel production.  
Through a focused analysis of agricultural residue harvest, collection, storage, 
transport, and preprocessing, this chapter builds on prior work aimed at understanding 
and characterizing uncertainties within the life cycle supply chain of lignocellulosic 
ethanol (bio-ethanol) [166, 188, 189]. With the exception of a few recent studies [171], 
most prior LCA work on bio-ethanol [56, 164-167] has assumed a conventional harvest 
and biomass delivery in bale format, resulting in relatively low (approximately 10%) 
net life cycle GHG emissions [165]. Here, this chapter focuses on identifying and 
characterizing uncertainties in advanced agricultural residue harvest, collection, 
storage, transport, pre-processing, and delivery operations to bio-ethanol facilities in 
the U.S. Midwest that arise due to variability in: 1) the sustainable harvest yield, defined 
as the quantity of corn stover removal set to maintain erosion and soil carbon within 
tolerable levels [156]; 2) transportation of the agricultural residue to depots that process 
and densify the biomass; 3) depot facility size, which influences equipment and energy 
throughput per unit of biomass; and 4) long-distance transport of the densified biomass 
delivered to the bio-ethanol facility. While the work in this chapter notes the significant 
variability in GHG emissions from feedstock production noted in literature, and in 
particular the possible risks to loss of soil organic carbon (SOC) with corn stover 
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removal [190, 191], here this chapter focuses exclusively on uncertainties that could 
arise due to the spatial variability of corn stover feedstocks available at different spatial 
densities in the U.S. Midwest. 
The commodity system allows lignocellulosic biomass to be traded and supplied to 
biorefineries in a commodity-format market. A number of preprocessing depots can be 
located within or around the vicinity of biomass and are deployed to convert a diverse, 
low-density, perishable feedstock resource into an aerobically stable, dense, uniform-
format [163, 174]. The preprocessing steps and equipment include; loaders, horizontal 
grinder, grinder in-feed system, dust collection and conveyor systems [161, 163]. The 
energy sources for depot equipment are described in SI table S6. A commodity system 
and depots would likely first appear in areas without enough resources to supply a single 
biorefinery, requiring resources to be brought in beyond the local area. The 
incorporation of depots would allow stranded resources to enter the system which 
would otherwise be economically inaccessible. For this reason, corn stover located in 
the state of Kansas outside of high yielding areas within the U.S. corn-belt was chosen 
for analysis.   
3.2.1. Life Cycle Assesssment of the corn stover to lignocellulosic ethanol logistics 
and supply chain 
 A life cycle assessment (LCA) model was developed to evaluate uncertainties in 
GHG emissions for a corn stover-to-ethanol commodity system. A gate-to-gate life 
cycle inventory (LCI) model was developed followed by LCIA evaluation of the 100-
year GWP metric for corn stover feedstock logistics. The feedstock logistics we model 
in this work fits into a gate-to-gate segment of the full lignocellulosic ethanol life cycle 
(Figure 3. 1), which refers to the sequence of processes within the life cycle of biomass 
72 
 
 
production, conversion, and in-use consumption. The system boundary for the full life 
cycle of corn stover-to-ethanol as shown in Figure 3. 1 consists of (1) feedstock 
production (i.e., crop production including nutrient replacement and soil GHG 
emissions); (2) feedstock harvest, collection, and storage; (3) feedstock transport from 
field to biomass preprocessing depot; (4) preprocessing depot operations; (5) 
commodity transport from biomass preprocessing depot to biorefinery; (6) biofuel 
conversion at the biorefinery; (7) ethanol transport, distribution, and blending; and (8) 
vehicle operation. The functional unit of the analysis is 1 MJ of ethanol. We rely on 
literature estimates for segments 1, 6, 7, and 8 (See [189, 192] for development of the 
biorefinery model and for discussion of biorefinery inputs, respectively). The 
assumptions from literature [56] correspond to conventional biomass sourcing with on-
site power production scenario and an electricity credit from the Midwest electricity 
grid mix. 
 This paper focuses on identifying significant uncertainties in environmental metrics 
within the advanced logistics configurations of the corn stover-to-ethanol supply chain, 
which was designed to reduce transportation distance and costs. A single-variable 
sensitivity analysis was conducted to examine the significance of LCI model parameters 
for harvesting, transporting from field, preprocessing depot and transporting from depot 
in the advanced commodity system. Commodity transportation (as baled corn stover or 
densified biomass) is a function of both transport distance and feedstock density.  
3.2.2. Data Management and Analysis 
ArcGIS tools were used to identify depot and biorefinery locations and to 
measure the transport distances within the commodity supply chain. The criteria for 
location selection consisted of the presence of transportation infrastructure (railroads 
73 
 
 
and road systems) and annual biomass availability (i.e., sustainable harvest yield) in the 
state of Kansas [156]. Significant factors such as access to water, and availability of 
utilities and labor were assumed sufficient for the model scenarios constructed. For this 
study, factors affecting policy such as political districts, voting locations and school 
systems were not considered. Transportation data, including road and rail networks, and 
freight and truck stations, were obtained from the Kansas Department of Transportation 
[185], DASC [186] and the United States Census Bureau [184]. Biomass supply data 
were assumed to correspond to the marginal access (farm-to-gate) cost, which is 
proportionally related to biomass demand. The US Department of Energy’s U.S. Billion 
Ton Update report (BT2) [156] estimates biomass marginal access costs in $5/ton 
increments. For the counties we consider in Kansas, biomass marginal access costs 
begin at $40/ton and can be as high as $80/ton depending upon the available supply 
within each county. Wakeley et al. [178] and Argo et al. [171] varied biorefinery 
capacity in their studies in order to examine the range of transportation cost and GHG 
emissions. In this study, the biorefinery capacity was fixed at 800,000 dry matter tons 
(DMT)/ year. The supply chain was designed to provide 900,000 DMT to account for 
possible losses due to the converting, handling and transporting processes. We assumed 
that multiple depots would feed one centralized biorefinery. Given these boundary 
conditions, a master map was developed joining all transportation and biomass 
availability data (See Figure B.1). A radius of 80-km (50-miles) is assumed for 
feedstock transportation from the corn farms to the preprocessing depots. Several tools 
within ArcGIS were used to identify the geographic boundary of the LCI model. The 
centroid of each county was identified by using the Spatial Analysis (Feature to point) 
tool. The ArcGIS find route tool was used to measure the rail distances between two 
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locations based on the available railroad networks. The biomass supply data for each 
Kansas county were imported to ArcGIS and converted to raster format. The biomass 
supply data were presented in the master map in order to demonstrate the biomass 
density and distribution across Kansas. Two depot configurations were considered; (1) 
Equal spatial distance between depots and infrastructure (rail network) availability; and 
(2) High biomass density and infrastructure (rail network) availability. The rationale 
for selecting the two configurations was to test the impact that the number of depots 
and their relative location within a biorefinery supply radius have on life cycle GHG 
emissions. 
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Figure 3. 1. Gate-to-gate system boundary for the corn stover commodity feedstock supply and logistics system within the life cycle of bio-ethanol production. 
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 Configuration 1: Equal Spatial Distance Between Depots and Infrastructure 
Availability. 
The first configuration divides the state of Kansas into six equally spaced primary 
regions: (1) Northwest; (2) North; (3) Northeast; (4) Southeast; (5) South and (6) 
Southwest. However, according to ORNL [156], the counties in regions 3 and 4 would 
not supply biomass for ethanol production (See Figure B.1). Therefore, counties in 
these regions were eliminated from the scope of analysis. Four depots are located in 
regions 1, 2, 5, and 6 within the vicinity of biomass supply of each region. They also 
are cited close to road and rail transportation infrastructure to take in baled feedstock 
and export (via long distance) densified biomass (Figure 3. 2, spatial boundary). Note 
that the sizing criteria for depots used in this study are different than that used by INL. 
 
Figure 3. 2. Scenario 1 depot configuration based on equal spatial siting between depots and 
infrastructure availability. The red circle shows the biomass supply radius. The depots are located at the 
center of the circle and receive feedstock from counties within an 80-km (50 mile) radius. The red point 
at the centroid of Reno County corresponds to the location of the biorefinery. 
 
 Configuration 2: High Biomass Density and Infrastructure Availability. 
The second depot configuration places depots according to biomass availability and 
the shortest railroad distance from the depot to the biorefinery, and is derived from the 
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existing Kansas rail systems (Figure 3. 3) in the central-to-west range of the state. Argo 
et al. [171] assumed in their model that the feedstock was transported from field to 
depot by semi-truck and from depot to biorefinery by rail given that railcars are capable 
of carrying a greater volume of goods with the minimal variable cost per mile. Thus, 
this chapter assumed that distribution by truck is preferred for transport from field to 
depot, and rail is preferred for long distance transportation from depot to biorefinery. 
Based on the distribution of biomass and feedstock transport distance from field to 
depot, five biomass preprocessing depots were located in the state in counties 
surrounded by dense feedstock supply.  
 
 
 
Figure 3. 3. Scenario 2 depot configuration based on biomass density and infrastructure availability. The 
red circle shows the biomass supply radius. The depots are located at the center of the circle and receive 
the feedstock from counties within an 80-km (50-miles) radius. The red point at the centroid of Reno 
County corresponds to the location of the biorefinery. 
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  Life Cycle Assessment Modeling Approach 
The BLM inventories all equipment and transport modes used to process and move 
biomass from the field to the biorefinery reactor infeed [182]. The transport distance, 
specified using ArcGIS software, and the depot capacity were varied and analyzed by 
the BLM model in order to generate the relative energy consumption from each field 
supplying feedstock to depot and densified biomass to biorefinery. The cumulative 
energy consumption in advanced logistics is the product of the normalized energy 
consumption from the BLM (in gallons of diesel per DMT), which includes a semi-
truck (2.88 liters) to transport one DMT of biomass and a baler (1.36 liters) to compress 
one DMT of biomass, and the biomass input, which was scaled according to the depot 
capacity. Energy consumption data were input into the SimaPro v.7.3.3 LCI [193] 
model in order to compute the life cycle GHG emission. The SimaPro model accounts 
for all upstream cradle-to-gate inputs of process energy (diesel and electricity). In order 
to expedite the gate-to-gate LCIA computation for the two scenarios, a Matlab script 
[194] was written to batch-process the BLM energy and resource data outputs into 
SimaPro to generate the GHG emissions for the 46 supply counties (See Appendix B 
section B.4 for more detail). 
3.2.3. Biorefinery Location 
The biorefinery was located in Reno County based on its proximity to road and 
railway infrastructure. Two counties were identified originally, Sedgewick (Figure 3. 
4a) and Reno (Figure 3. 4b), given their location within the state being in areas with 
high highway and railway access. Reno  County was selected based on it having five 
highways (K14, K17, U50, K61, K96) and four railroads (St. Louis Southwestern, 
Missouri Pacific and Atchison, Topeka & Santa Fe Railway and Chicago, Rock Island 
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and Pacific Railroad), whereas Sedgewick has nine highways (I235, K96, I135, I35, 
K15, U54, U81, K42, K254) but a less extensive railway network of three railroads 
(Missouri Pacific, Chicago Rock Island, & Pacific and St. Louis-San Francisco 
Railway). Thus, the biorefinery was sited in Reno County because of its proximity to 
the biomass supplying counties and because of its better access to four railroad 
networks that could facilitate access on energy efficient rail between depots and the 
biorefinery, thus giving access to all depot locations selected in Scenarios 1 and 2 (See 
Figure B. 1).  
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Figure 3. 4. Highway (red) and rail systems (black) of (a) Sedgewick and (b) Reno County. 
 
 
3.2.4. The Capacity of the Biomass Preprocessing Depots 
The available biomass supply in Kansas exceeds the biorefinery feedstock demand 
of 900,000 DMT/year. The maximum capacity of each preprocessing depot is assumed 
to be less than 400,000 DMT/year in order to increase the network of the distribution 
systems. The depot size limitation allows for more depots to be distributed across the 
state to supply the annual constant corn stover needed for the centralized biorefinery. 
To be conservative, we set the size of the pre-processing depots based on the local 
feedstock density within an 80-km (50-mile) radius. A simple mathematical rule was 
applied to estimate the depot capacity based on the availability of biomass supply (See 
Appendix B section 1 for further details and calculations). The work in this chapter 
assumed that neighboring counties would transport biomass to the nearest depot within 
an 80-km (50-mile) radius. The distance from the depot to the biorefinery is the distance 
from the centroid of the county with the depot to the centroid of the county with the 
81 
 
 
biorefinery for Scenario 1 (Table 3. 1) and Scenario 2 (Table 3. 2). The sizing criteria 
for depots used in this chapter are different than that used by INL. 
 
Table 3. 1. Preprocessing depot capacities and true rail distance from depots to the single biorefinery in 
Scenario 1. 
 
Scenario 1 
Depot Locations Depot Capacity (DMT/year) Transport Rail Distance 
Thomas 390,000 349 
Cloud 50,000 160 
Gray 275,000 142 
Reno 185,000 14 
Total  900,000 665 
 
 
Table 3. 2. Preprocessing depot capacities and true rail distance from depots to the single biorefinery in 
Scenario 2. 
 
Scenario 2 
Depot Locations Depot Capacity (DMT/year) Transport Rail Distance 
Thomas 295,000 349 
Finney 190,000 176 
Meade 150,000 136 
Stafford 220,000 47 
Cloud 45,000 160 
Total  900,000 868 
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3.2.5. Uncertainty Analysis 
 This chapter use Monte Carlo methods [195, 196] to project the range of probable 
life cycle GWPs for the two scenarios. The gate-to-gate LCIA model developed in 
SimaPro v.7.3.3 estimates the GHG emissions (GWP) based on the energy resource 
inputs derived from the BLM. SimaPro GWP output data for each process in the supply 
chain were best fit to distributions using Oracle Crystal Ball statistical software [197] 
and two distributions for scenarios 1 and 2 were aggregated (See Figure B. 2 and Figure 
B. 3). With the scenario probability distributions, a Monte Carlo simulation (1000 
iterations) was run to generate stochastic GWP estimates (see Table B. 1, Figure B. 2, 
and Figure B. 3). The statistical mean, range, and probability distributions for the 
stochastic input processes (feedstock harvest, collection and storage, feedstock 
transport, preprocessing, and commodity transport) are noted in Appendix B, Table B. 
7. This uncertainty analysis procedure was adopted from Venkatesh et al. [198], who 
investigated uncertainties in life cycle GWP of U.S coal; the authors fit probability 
distributions to coal model parameter inputs and used Monte Carlo simulation to 
examine the effect of spatial and temporal variability on life cycle GWP. Finally, this 
chapter used single-variable sensitivity analysis to determine the relative significance 
of the four logistics gate-to-gate processes with respect to the final GHG emission given 
the expected low and high ranges in order to understand the variability within the 
system boundary and thus evaluate and mitigate potential environmental risks as noted 
by Venkatesh et al. [198]. 
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3.4. Results and Discussion 
3.3.1. Life Cycle Impact Assessment. 
The average corn stover-to-ethanol life cycle GHG emissions for the two scenarios 
we examine in Kansas (Table 3) are 66% and 63% of the conventional system, and are 
26 g CO2e/MJ ethanol and 25 g CO2e/MJ ethanol for scenarios 1 and 2, respectively. 
These average values are 34% and 37% (for Scenarios 1 and 2 respectively) lower than 
the “conventional system” analog of 39.7 g CO2e/MJ ethanol (Table 3. 3) taken from 
literature from Pourhashem et al. [56], because of the significantly lower corn stover 
harvest, collection, and storage estimate we assume through the BLM model. Review 
of literature (see Appendix B, Table B. 5) indicated a wide range of results for feedstock 
harvest, collection, and storage, one aspect of the logistics supply chain. Among the 
studies reviewed, which presented GWP estimates of between 3 [188] and 17.5 g 
CO2e/MJ [199], aggregate energy input for both collection and harvest were larger than 
our study findings, suggesting that the GWP for the logistics supply chain will depend 
on equipment performance, including energy efficiency and age. The equipment and 
energy inputs for the harvest, collection and storage were detailed in Appendix B, Table 
B. 5. The data show that the energy consumption for feedstock harvest, collection and 
storage in this chapter is 58%, 66% and 94% lower than that of Wang et al. [188], 
Larson et al. [199] (which Pourhashem et al [56] used) and Eranki et al. [168], 
respectively (Appendix B, Table B.5 compares assumptions and energy inputs for our 
and literature results for feedstock harvest and collection). The GHG emissions of the 
corn stover harvest, collection, and storage processes for Scenarios 1 and 2 are 
significantly lower than those suggested in Pourhashem’s study as well as work by 
Larson et al. [199], who estimates that corn stover harvest, collection, and storage 
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processes emit 403 kg CO2e/DMT, which is equivalent to 17.5 g CO2e/MJ ethanol 
assuming our fuel conversion assumptions. Other estimates from literature have 
estimated farm operations for harvesting, collecting, and storing corn stover to be 
significantly smaller. For example, Wang et al. [188] estimate farm operations for the 
harvest of corn stover for ethanol production to be 3 g CO2e/MJ. Moreover, the 
feedstock logistics (harvest, collection, storage, preprocessing, and transport from depot 
to biorefinery sequence) we model here is lower than the single corn stover-to-
biorefinery transportation step for the conventional system modeled by Pourhashem et 
al. [56]. Among the main processes of the supply chain, the transport step from depot 
to biorefinery contributes the most to the net GHG emissions at 2 g CO2e/MJ ethanol 
and 1.5 g CO2e/MJ ethanol in Scenarios 1 and 2, respectively, but is modest compared 
to most other life cycle inputs aside from logistics processes. This contribution is 
estimated as 8% of the net GHG emissions in Scenario 1 and 6% of the net GHG 
emissions in Scenario 2.  
The GHG emissions from the preprocessing depot contribute 4% and 3% of the net 
GHG emissions in Scenarios 1 and 2, respectively. This contribution may be low as the 
logistics design only considered comminution and densification while further 
processing to address feedstock quality in terms of fuel conversion (moisture, ash, etc.) 
was outside the scope of this paper. The feedstock production and transport from field 
processes contributes less than 2% of the net GHG emission for both scenarios. The 
total GHG emissions for transport steps, including transport of biomass from fields and 
transport of commodity from depots for Scenario 1, is 2.2 g CO2e/MJ ethanol, which is 
50% lower than the GHG emissions of the transport step reported for the conventional 
case in Pourhashem’s paper, 4.4 g CO2e/MJ ethanol [56]; while the GHG emissions 
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from these two transportation steps for Scenario 2, 1.7 g CO2e/MJ ethanol, is 64% lower 
than that of the conventional case. 
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Table 3. 3. Scenarios 1 and 2 weighted average GHG emissions sources and sinks of life cycle components: 
(1) feedstock production (i.e., crop production including nutrient replacement and soil GHG emissions); (2) 
feedstock harvest, collection, and storage; (3) feedstock transport from field to biomass preprocessing depot; 
(4) preprocessing depot operations; (5) commodity transport from biomass preprocessing depot to 
biorefinery; (6) biofuel conversion at the biorefinery; (7) ethanol transport, distribution, and blending; and 
(8) vehicle operation. All units in g CO2e/MJ ethanol. 
  
Scenario 1 
Commodity System: 
Equal spatial distance 
between depots and 
infrastructure 
availability 
Scenario 2 Commodity 
System: High biomass 
density and 
infrastructure 
availability 
Conventional 
System 
(Pourhashem et al 
[56]) 
Feedstock Production 
  
 
Harvest, collection, and 
storage 0.32 0.22 12.8 
Nutrient replacement 2.6 2.6 2.6 
Total soil N2O emission 7.4 7.4 7.4 
Change in soil carbon 27.3 27.3 27.3 
Biogenic carbon -234 -234 -234 
Transport from fields 0.2 0.2 4.4 
Preprocessing depot 1.0 0.7 N/A 
Transport from depots 2.0 1.5 N/A 
Total Transport (transport 
from fields + transport 
from depots) 
2.2 1.7 4.4 
Fuel Conversion    
Pretreatment chemicals 5.7 5.7 5.7 
Fermentative CO2 34 34 34 
Boiler 122 122 122 
Electricity -15.6 -15.6 -15.6 
Fuel transport 
&distribution 1.5 1.5 1.5 
Ethanol combustion 71 71 71 
Net GHG emissions  26 25 39.7 
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3.3.2.  Uncertainties in GHG emissions in corn stover-to-ethanol production. 
Most LCA studies of agricultural residue-to-biofuel have assumed the conventional 
logistics system, which consists of a single transportation step from the field to the 
biorefinery [55, 56, 164-167]. These studies indicated that the transport step contributed 
minimally to the environmental impact of the lignocellulosic ethanol supply chain. For 
example, Pourhashem’s study showed that the transport step contributes approximately 
11% to the net life cycle emissions. For the advanced commodity system studied, the 
transport of densified corn stover from the preprocessing depot to the biorefinery could add 
significantly to the variability in life cycle GHG emissions for the entire supply chain in 
both scenarios. Both variability in transportation distance from depot to biorefinery and 
preprocessing operations at the depot contribute to variation in net GHG emissions from 
logistics (Figure 3. 5 a and b). The transportation of densified biomass from the 
preprocessing depot to the biorefinery introduces the highest uncertainty, ranging from 
0.02 to 13 g CO2e/MJ ethanol for Scenario 1 (Figure 3. 5a) and 0.02 to 9 g CO2e/MJ ethanol 
for Scenario 2 (Figure 3. 5b) over the 90% confidence interval (CI). This wide range comes 
primarily from the variability in transported biomass from each depot and the long, though 
efficient, transport distance by rail. The transport rail distances range from 14 to 349 miles 
and 47 to 349 miles in Scenario 1 and 2, respectively (Table 3. 1 and Table 3. 2). Scenario 
2 has more preprocessing depots distributed around the central biorefinery than Scenario 
1, which decreases the size of each depot and thus reduces the feedstock mass being 
transported per route from the depot to the biorefinery. As a result, the range of uncertainty 
for logistics in Scenario 2 is smaller than that for Scenario 1. GHG emissions are sensitive 
to the size of preprocessing depots. This is evident from the wider range of emissions in 
88 
 
 
both feedstock harvest, collection and storage (0.1-2.3 g CO2e/MJ ethanol) and 
preprocessing depot processes (0.02-9.3 g CO2e/MJ ethanol) (Figure 3. 5a) in Scenario 1, 
compared to the narrower range of emissions for both feedstock harvest, collection and 
storage (0.1-1 g CO2e/MJ) and the preprocessing depot processes (0.2-5 gCO2e/MJ) in 
Scenario 2 (Figure 3. 5b). The larger size of the preprocessing depots in Scenario 1 (see 
Table 3. 1 and Table 3. 2) raises the upper bounds of cumulative energy consumption in 
transportation and biomass densification processes. Argo et al. [171] also concluded that 
the commodity system resulted in higher GHG emissions (10-15%) than the conventional 
system due to additional transportation steps. The “transport from field” process shows the 
least significant impact because the biomass supply radius is limited to 80 km (50 miles).  
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Figure 3. 5. Stochastic gate-to-gate logistics greenhouse gas (GHG) emissions over the 90% confidence 
interval and interquartile ranges for; (a) Scenario 1; and (b) Scenario 2. Stochastic estimates based on Monte 
Carlo simulation (1000 iterations) are presented as box and whisker plots. The top of the box represents the 
75th percentile, the middle line represents the median (50th percentile) and the bottom of the box represents 
the 25th percentile. The whiskers correspond to the 5th and 95th percentiles. 
 
 
 
Single variable sensitivity analysis was conducted to identify significant parameters in 
the logistics segment of the life cycle (Figure 3. 6 a and b). The results confirm the 
significance of transporting the densified biomass in both scenarios. The transportation of 
densified biomass from depot to biorefniery can impose a variation in GHG emissions of 
more than 20% from the average (Table 3. 3) for Scenario 1 (Figure 3. 6 a) and Scenario 2 
(Figure 3. 6 b), whereas all of the other parameters may cause life cycle GHG emissions to 
vary by up to 10% above the average.  
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Figure 3. 6. Sensitivity analysis of processes: feedstock harvest, collection, and storage; transport from field; 
preprocessing depot; and transport from depot to biorefinery on life cycle GHG emissions for (a) Scenario 1; 
(b) Scenario 2. The tornado diagram shows that GHG emissions (measured as GWP) are most sensitive to 
the transport from depot (top process) and least sensitive to transport from field (bottom process). An increase 
in GHG emissions sensitivity is shown in 50% gray; and a decrease in GHG emissions sensitivity is shown 
in 30% gray. 
 
 
The calculated 90% confidence interval shows that the GHG emissions in Scenario 1 
can be higher by at least 3.4 g CO2e/MJ, and by as much as 3.6 g CO2e/MJ compared to 
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Scenario 2 GHG emissions (See Appendix B section 5). The uncertainty in life cycle GHG 
emission varies from 24 g CO2e/MJ to 41 g CO2e/MJ in Scenario 1 and from 24 g CO2e/MJ 
to 33 g CO2e/MJ in Scenario 2 (Figure 3. 7). Only the upper bound of Scenario 1 could 
cause the biorefinery to fall out of compliance with the US federal Renewable Fuel 
Standard (RFS2) barring any deviation in all other life cycle inputs that we assume to be 
fixed do not vary significantly. For example, Pourhashem et al. [56] found that soil carbon 
loss, if not managed, can add significantly to uncertain and positive GHG emissions, and 
electricity crediting (a negative GHG emission in most lignocellulosic ethanol life cycle 
studies) is also uncertain when a biorefinery co-produces electricity to sell to the regional 
electricity grid because of uncertainties in the displacement of marginal electricity supply 
[189].  Both of these factors could increase the life cycle GHG emission range above the 
RFS2 compliance level. Under these circumstances, uncertainty in logistics inputs would 
add further to the uncertainty of meeting RFS2; however, for the most part, the efficiency 
gained by densification of the biomass improves life cycle GHG emissions and offers a 
means of overcoming potentially “stranded” biomass supply. The wider range in Scenario 
1 primarily results from the greater uncertainty in the “transport from depot” and the 
“preprocessing depot” processes while the other two operations contribute much less 
(Figure 3. 5).  
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Figure 3. 7. Stochastic life cycle greenhouse gas (GHG) emission results from Monte Carlo simulations for 
two depot scenarios for the corn stover-to-ethanol logistics and supply chain. The GHG emission for the 
conventional biorefinery case was obtained from literature [56]. Stochastic estimates based on MC simulation 
are presented as box and whisker plots. The top of the box represents the 75th percentile, the middle line 
represents the median (50th percentile) and the bottom of the box represents the 25th percentile. The whiskers 
correspond to the 5th and 95th percentiles. 
 
 
 
Compared to the life cycle GHG emissions of the average conventional case, 39.7 g 
CO2e/MJ [56], the GHG emissions at the 90th percentile in Scenario 2 falls under the GHG 
emission of the conventional case while it is ~1 g CO2e/MJ higher than the conventional 
case in Scenario 1. The result from the sensitivity analysis suggests that equally spacing 
depots across the state of Kansas can possibly surpass GHG emissions of the conventional 
case, albeit by a small margin.  
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3.5. Conclusions 
This chapter examines the variability in life cycle GHG emission of a bio-ethanol 
feedstock logistics  supply chain in Kansas, specifically examining uncertainties in 
advanced commodity systems that are found to mitigate risks associated with weather, 
pests, and disease [171, 182]. In this chapter, the uncertainty in agricultural residue (corn 
stover) logistics was examined by testing the location siting and sizing of pre-processing 
depots in two different but plausible supply chain configurations in the state of Kansas. In 
Scenario 1 the depots were equally spaced and sited within the vicinity of counties that 
have high biomass supply density. In Scenario 2 the depot siting was leveraged to consider 
the shortest rail transport distance to a centralized biorefinery while considering the vicinity 
of high biomass supply counties. The stochastic results show that the GHG emissions for 
Scenario 1 have a wider variability and higher mean emissions (See Appendix B section 5) 
than those of Scenario 2. This result illustrates the benefit of locating preprocessing depots 
in the vicinity of direct railroad lines to the biorefinery since rail transportation has the least 
environmental impacts and lowest costs [182]. It demonstrates that we expect to find a 
range of environmental impacts (in this case, GHG emissions) depending upon the quantity 
of biomass moved and upon the distance from biomass-supplying farms to preprocessing 
depots and from depots to biorefinery central facilities. Other environmental LCIA metrics 
that depend on energy consumption are expected to follow the variability trend exhibited 
by GHG emissions. 
The depot-to-biorefinery transportation segment makes the largest contribution to life 
cycle GHG emissions from logistics and to life cycle GHG uncertainty for both scenarios. 
This suggests that the transport distance and the volume of transported commodity from 
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depots are the significant parameters for supply regions like Kansas that have sufficient 
biomass supply in a feedstock commodity supply chain.  Results may be quite different in 
regions that have many stranded biomass resources that need to be transported a long 
distance and collected at smaller centralized depots, the siting of which could depend on 
the presence of both road and rail infrastructure. Results also suggest that the uncertainty 
in GHG emissions of the depot-to-biorefinery and the pre-processing depot processes 
declines with increasing number of depots in a region. Future uncertainty analysis for 
feedstock logistics should focus on improving some of the model boundary settings, 
particularly the feedstock supply radius and the depot sizing method. The variability in the 
field-to-depot stage is minimized because the feedstock supply is limited to the region 
within an 80-km (50-miles) radius and thus the transport distance is assumed to be uniform. 
However, restricting the feedstock collection radius may impose a limitation in meeting 
biofuels production as noted by Argo et al. [171].  
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CHAPTER 4: EVALUATING UNCERTAINTY IN ENVIRONMENTAL AND 
ECONOMICAL ASSESSMENT FOR HIGH DENSITY POLYETHYLENE AND 
ALTERNATIVES IN DRAINAGE PIPE APPLICATIONS 
 
 
4.1. Relevance and Status 
 The materials used in pipe play an important role in evaluating the energy input, the 
environmental impact and the cost of a pipe. Chapter 2 highlights the effect of mass 
reduction due to change in material properties and this factor was also considered in Lloyd 
and Lave [69], Roes et al. [68] and Shrijivers et al. [70]. As stated in chapter 2, the mass 
of a pipe product varies while maintaining the required mechanical design properties of a 
given application. The above-mentioned studies incorporated physical properties of 
materials along with functional unit definitions described in ISO standards [95] to 
determine product mass change that affect reference flows among plastic alternatives. The 
required function of a pipe in chapter 2 was that a pipe needs to have the strength to resist 
the deformation against applied loads. As a result, elastic modulus was used in that chapter. 
In this chapter, the long-term performance of a pipe is focused and this factor was found to 
correlate with the fracture toughness that characterizes the stress cracking failure behavior 
under loading [108]. According to the industrial standards, a drainage pipe is required to 
meet a 100-year design life [52]. The work in this chapter adopts the fracture properties of 
recycled-blend polymer and nanocomposite from Na et al. 2015. The test results from this 
chapter indicate that nanocomposite could meet or even exceed the required design life for 
a drainage pipe. From the environmental and economic points of view, the polymeric 
nanocomposite pipe consumes more primary energy for its production compared to that of 
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the pristine pipe and thus increases the global warming potential due to the fact that their 
time-independent fracture toughness is lower than that of pristine HDPE.  The work of this 
chapter will be submitted to the journal, Environmental Science and Technology as: 
Nguyen, L, G Hsuan, S Spatari. Evaluating Uncertainty In Environmental And 
Economical Analysis For High Density Polyethylene And Alternatives. In Preparation 
for submission to Environmental Science and Technology journal 
 
4.2. Introduction 
 Over the years, high density polyethylene (HDPE) has become a widely used polymeric 
engineering material. It has been used in different industries, including the construction of 
landfill liners, power and telecom cable conduits, sewage and drainage pipes, and 
automotive fuel tanks [25, 81-83]. Fossil-fuel based plastics (e.g. PE, PVC, PET etc.) 
require a large quantity of hydrocarbon feedstock and process energy (i.e. electricity, fuel) 
during production. This procedure consumes a great source of energy and releases harmful 
emissions. More than 1 billion barrels of natural gas liquids are needed to manufacture 
~400 million barrels of ethane (primary feedstock for ethylene production) every year 
[200].  The majority of ethylene (~70%) is used to manufacture polyethylene [201]. The 
annual production of ethylene increased globally at a pace of 4% to 5% annually from 2000 
through 2010 [202]. According to U.S. EIA’s report and Greene 2014, petrochemical 
production consumes ~4 quadrillion BTU of power and heat [203] and emits ~3 million 
tons of CO2 equivalent (CO2e) into the air in the U.S [60]. Polyethylene production makes 
up 33 % of methane production, which is one of the major contributions to global warming 
potential (GWP). This emission contributes 1-2 % to the total greenhouse gas (GHG) 
emissions from the U.S industry. In an effort to mitigate the global warming potential 
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(GWP) of polymer production, a number of studies have been published on the subject of 
recycling thermoplastics [86, 90, 91, 204] or employing bio-based plastics [53, 60, 205]. 
These studies concluded that substituting virgin plastics with certain alternative materials 
could substantially reduce the vast amount of energy consumed during the feedstock 
extraction and production. However, the environmental impacts and economic output of a 
pipe also rely on the amount of materials used to fabricate a pipe depending on the desire 
required functionality.  
 A key feature of thermoplastic is their ability to be heated and formed multiple times. 
Due to this feature, advanced recycling treatments for plastic solid waste has been 
researched and developed in order to reproduce plastics with high quality at low costs. 
These treatments consist of re-extrusion, mechanical, chemical and energy recovery routes 
[88]. Based on the statistics from the Association of Postconsumer Plastic Recyclers [35] 
and Themelies et al. [89], the recycling rate of plastics increased by 21% from 2008 to 
2011 and this rate rose to ~28% in 2013. Another report from the Association of 
Postconsumer Plastic Recyclers also shows that the demand in recycled material increased 
7% between 2013 and 2014 by the pipe industry [34, 35]. However, a previous study 
indicated that the post-consumer (PCR) HDPE was weakened due to reprocessing [75]. 
This issue could limit the use of PCR-HDPE for long-lived commodities such as pipe [29]. 
An additional small percentage of organically modified clays were experimentally shown 
to enhance physical and mechanical properties of polymers such as stress cracking 
resistance and fire-retardant properties [45]. As indicated in Na’s study, nanoclay reduces 
the relaxation of polymer chains and thus increases polymer failure times [45]. Although 
nanoclay production is energy intensive, it does not adversely impact the production of 
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nanocomposites due to the small quantity needed to improve the stress crack resistance of 
polymer matrix, as highlighted in [45, 206]. 
 Besides the option of recycling polymer to reduce environmental burdens, previous 
studies also looked into the potential of manufacturing polymer from agricultural feedstock 
such as corn, switchgrass, corn stover, sugarcane etc [53-57]. Global production of bio-
based plastics rapidly grew from 1.4 million tons to nearly 2 million tons between 2012 
and 2015. The global capacity of bio-based plastics is projected to grow three times by 
2018 [207]. Bio-ethylene is chemically and functionally indistinguishable from fossil-fuel 
polyethylene [53, 60]. A number of studies have argued that bio-ethylene has better 
environmental performance than fossil fuel-derived HDPE [53, 208-210]. The results from 
the BREW project showed that polymer made out of lignocellulose saves as much as 100% 
of non-renewable energy compared to that from petrochemical ethylene [58]. However, the 
question of how bio-based polymers compared to recycled blends or recycled 
nanocomposites remains open.  
 This chapter used life cycle assessment (LCA) to evaluate the environmental 
implications of polymer production from raw material extraction to its end of life. In 
parallel with the environmental assessment, this chapter analyzed the cradle-to-grave life 
cycle cost (LCC) of these polymers. Many of previous LCA studies, which are 
comprehensive in scope, do not include an important treatment of the uncertainty and 
variability in evaluating GWP and cost [68, 69, 211]. This may lead to the inaccuracy in 
evaluating the emission reductions and cost savings possible with the use of alternative 
plastics.  The analytical limitation related to uncertainty have been discussed in previous 
LCA and LCC studies, especially those focused on the cradle-to-grave analysis [106, 212, 
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213]. In response to the possibly large errors, this chapter employed existing statistical 
methods such as non-parameteric bootstrapping, log likelihood and Monte Carlo to 
mitigate the errors of the financial and environmental outcomes. Unique to this chapter are 
(1) the use of advanced statistical analysis to reduce errors, (2) practical logistics supply 
chain of polymeric components in the U.S, and (3) prediction of design life for polymeric 
alternatives based on the rate process method.   
4.3. Research and Methodology 
4.2.1. Goal and Scope 
 LCA systematically evaluates the environmental burden of a product system using 
sequential material balances at each stage in the product life cycle from the extraction of 
feedstocks to the disposal of a final product (pipe). The LCA framework is outlined in ISO 
14040 [95]. When comparing the formulations of pristine HDPE, HDPE/PCR, nanoclay 
HDPE/PCR and bio-HDPE, the boundary system selection is from cradle-to-pipe disposal. 
This chapter includes three recycling routes, which are (1) mechanical recycling (MR); (2) 
landfilling (LF); and (3) incineration with energy recovery (IER).  The functional unit was 
defined as a 24-in diameter by 20-ft length pipe, the size of commercially manufactured 
corrugated HDPE pipes for highway drainage. The mass of such pipe based on pristine 
polymer is 226 lbs (103 kg) [103]. The function of highway drainage pipe is to convey and 
discharge stormwater that flows within and along the highway right-of-way as well as 
under large parking lots. More importantly, these pipe materials need to be capable of 
resisting the slow crack growth with the intention of meeting 100-year design life 
requirement. The alternative pipes in this chapter were assumed to perform the same 
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function with the same geometry. The recycled polymer has been approved to be used in 
drainage applications in compliance with ASTM D3350 [59] whereas bio-based HDPE has 
been indicated to mechanically and chemically perform similar to fossil-fuel HDPE [53]. 
For the nancomposite materiaL, the work of this chapter tested the stress crack resistance 
to ensure this material can meet the design life criteria.  
4.2.2. Predicting Service Lifetime 
 The design life of a drainage pipe is at least 50 years and could be up to 100 years [52, 
99, 100]. For this reason, this analysis only focused on the pipe materials that could perform 
as well as the conventional corrugated pipe. Recent studies, which were conducted by Na 
and colleagues, indicated that a small percentage of nanoclay blended with recycled 
material would be adequate in enhancing the stress crack resistance of a plastic pipe [45]. 
The results from Na et al. [45] and experimental work from the author of this dissertation 
were combined to evaluate their service life time in hour unit, which determines whether 
these materials are mechanically good enough to replace the fossil counterpart for a long-
lived pipe.  
 Effects of nanoclay percentage on the service life of a nanocomposite pipe 
 Na and partners [45] showed that the contribution of nanoclay improved the stress crack 
resistance of recycled materials. The author of this study employed the notched constant 
ligament stress (NCLS) test [214] and rate process method (RPM) to predict the service 
lifetime of the materials (see Appendix C, section C.1).  In order to test the effect of 
nanoclay on the lifetime of a recycled blend, nanocomposites were made by blending the 
amount of nanoclay master batch with the pristine HDPE (25 wt-%) /PCR-HDPE (75 wt-
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%) to achieve the nanoclay concentration of 2, 4 and 6-wt%. For these recycled blends, the 
author found that the failure time increased from 2% to 4-wt%, then decreased at 6-wt% at 
equal or greater than 500 psi. Due to the unstable behavior of 6-wt% nanoclay, four percent 
was preliminarily selected for further analysis. Another experiment was conducted to 
confirm the steadily positive effect of 4-wt% nanoclay on the failure time of recycled 
blends, which contain 25, 50, and 75-wt% recycled HPDE.  
 The RPM numerical results show that nanoclay weight content up to 4 wt% in a 
recycled blend increases the lifetime. At 4-wt% nanoclay, the failure time of the recycled 
blends decreases with an increase of recycled HDPE. The raw failure time and predicted 
service lifetime using RPM for nanocomposite material is shown in Appendix C, Table C. 
1 and Table C. 2.  
4.2.3. Estimating Mass Change Using Mechanical Properties 
 A number of studies mentioned the change in mass of a product when different 
materials are used [68-70]. This difference is due to the change in material properties such 
as density, crystallinity or fracture energy. The analysis of this chapter found that fracture 
energy and crystallinity together can better represent the change in mass of a product made 
from different materials due to the strong correlation between fracture energy and stress 
crack resistance as well as the strong bond between crystallinity and mass density of 
polymer [206, 215].  This chapter adopted the fracture energy values measure by using the 
essential work of fracture (EWF) in Na et al. 2015 [108]. As defined in Na’s research study, 
the basic principle of the EWF work is that the total fracture energy which is the sum of 
the surface-related fracture energy within the fracture process zone and the volume-related 
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energy dissipated outer process zone under plastic deformation. The procedure to calculate 
the mass reduction in accordance with the mechanical and material properties are described 
in Appendix C, section C.2, Table C. 3. 
4.2.4. Impact Metric 
 A life cycle inventory (LCI) analysis was undertaken that audited energy and resource 
inputs for each life cycle process using the software, GaBi 6.0 and SimaPro 8.0 USEI.  For 
the processes, from GaBi 6.0, this chapter employed select metrics from the Tool for the 
Reduction and Assessment of Chemical and other environmental impacts (TRACI 2.1) 
developed by the United States Environmental Protection [98], which sources the 100-year 
global warming potential (GWP100) metric from Intergovernmental Panel on Climate 
Change (IPCC). Non renewable energy is estimated based on a metric in the GaBi database 
[96], which sums all non-renewable energy inputs across the life cycle. For the processes 
from DataSmart LCI database, created by the Earthshift company, this chapter used the 
ReCIPE midpoint method, which is based on the method published by ecoinvent version 
2.0 to evaluate non-renewable energy whereas GWP is also evaluated based on the 100-
year impact factor proposed by IPCC. The upstream profile of electricity generation of 
every state in America is accounted for whereas the GaBi database only comprises of the 
upstream inputs and outputs of the regions in America (e.g. West, Mid-West, North and 
South).  
4.2.5. Uncertainty,  variability and scenarios 
 The definitions of (1) parameter uncertainty, (2) model uncertainty and (3) scenario 
uncertainty were adopted from Huijbregtz et al. [79]. Parameter uncertainty reflects our 
103 
 
 
incomplete knowledge about the true value of a parameter, e.g., due to imprecise 
measurements, (expert) estimations, and assumptions. Model uncertainty involves 
mathematical models, which describe the correlations between the product performance 
and concept models. Assumptions and simplifications are made that lead to uncertainty 
regarding the validity of the model predictions in real world situations. In this chapter, the 
model uncertainty cannot be characterized due to insufficient mathematical data. Parameter 
and scenario exists within the scope of this study and were investigated. The uncertainty 
type of each process in the life cycle of polymer production is described in Appendix C, 
Table C. 4. 
 The errors/uncertainty by the above factors can be quantified by applying analytical 
and stochastic methods. For the scenario uncertainty, the work of this chapter uses the non-
parametric bootstrapping method to quantify the resulting output uncertainty since this 
method does not require any assumption in data distribution as well as normality. The non-
parametric bootstrapping method can also be used when a parametric formula for 
uncertainty is inapplicable. The Monte Carlo (MC) simulation is used to quantify the 
parameter uncertainty in the case that a probability distribution is defined. This chapter 
combined a life cycle approach with stochastic analysis to establish an accounting system 
for the cradle-to-grave GHG emissions and cost of drainage pipe. The framework of the 
uncertainty characterization can be found in Figure 4. 1. More details on the maximum 
likelihood estimate, non-parametric bootstrapping and Monte Carlo simulation can be 
found in Appendix C, sections C.3.1 and C.3.2.  
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Figure 4. 1. Framework of Uncertainty Characterization at multilevel data collection and modeling procedure.
  
 
 
4.2.6. Pristine HDPE 
   This chapter aims to characterize the uncertainty of the polymer production. 
Therefore, it is necessary to collect multiple data points (i.e. energy input and GHG 
emissions) for each process within the production and supply chains of polyethylene. The 
base case of feedstock production were developed by using the process data audited in the 
GaBi database such as natural gas extraction and processing, steam cracking and 
transportation by different modes (e.g. train, truck, pipelines). Then, these point estimates 
were incorporated with the data from literature to develop a full distributions. After 
stochastically simulating these distributions, the boundary (90% confidence interval) for 
GHG emissions of polyethylene production was extracted from the total distribution. More 
information on the development of pristine HDPE model can be found in Appendix C, 
section C.4.1 and key parameters for this model can be seen in Appendix C, Table C. 5. 
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4.2.7. HDPE/PCR 
 This model combines the information of the pristine HDPE model (described above) 
and recycled HDPE model. For the processes at material recovery facilities, the process 
data were obtained from the American Chemistry Council report, written by Franklin 
Associates [91] and from Perugini et al. [90]. After being sorted and bailed at MRFs, plastic 
wastes are transported, separated and reprocessed at the plastic recovery facilities (PRFs). 
The range of collection radius and waste transportation distance were provided by Envision 
Plastics. The energy consumption and emissions of the transportation were extracted from 
the GaBi database [96]. More information on PCR-HDPE model can be found in Appendix 
C, section C.4.2 and key parameters for this model can be seen in Appendix C, Table C. 6. 
4.2.8. Nanoclay HDPE/PCR 
 This model combines information of the pristine HDPE, PCR-HDPE and nanoclay 
models. The information on the production and logistic supply chain of nanoclay was 
provided by Nanocor Inc. Further description can be found in Appendix C, section C.4.3 
ad key parameters can be found in Appendix C, Table C. 7. 
4.2.9. Bio-HDPE 
 This chapter accounted for the emissions generated from agriculture. The estimates on 
the nitrogen and carbon fluxes from the soil were adopted from the study by Pourhashem 
et al. [56]. Based on previous studies from Posen et al. [53, 54], This chapter assumed that 
bio-ethylene is chemically and functionally indistinguishable from the conventional 
ethylene.  In lignocellulosic ethanol plants, lignocellulosic feesdtock goes through 
pretreatment with enzymes that break cellulose and hemicellulose into simple sugars for 
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fermentation. The lignin portion of celluosic feedstocks can be used in a combined heat 
and power generator in biorefinery plants. The work from this chapter used the co-product 
credits (from selling surplus electricity) estimated in scenario 3 from Pourhashem’s study 
[56]. This life cycle analysis also includes GHG credits for the amount of biogenic carbon, 
which remains in the soil and important to the agricultural ecosystem functionality. Several 
estimates on the GHG credits from biogenic carbon were collected from the studies done 
by Posen et al. [54], Pourhashem et al. [56] and Spatari et al. [57]. Further information can 
be found in Appendix C, section C.4.4 and Table C. 8. 
4.2.10. Transportation 
 The transportation distance and modes for the pristine HDPE, recycled HDPE and 
nanoclay models were derived based on the locations of the farthest and nearest suppliers 
of the companies who provided the materials to our research (ExxonMobilTM, Envision 
Plastics and Nanocor Inc). The upstream emissions of transportation diesel was obtained 
from the GaBi database. Since only a range of transportation distance was given, the 
distribution for this process was assumed to be uniform throughout our analysis. 
 The details on the supply chain for lignocellulosic ethanol were explained in the 
Appendix C, section C.4.4. The transportation distance from field to the preprocessing 
depots was assumed to vary from 100-200 miles and ethanol was assumed to travel 50-350 
miles by train from the ethanol production plants to the ethylene production  plants. The 
assumptions on transport distance were made by utilizing the analysis from previous 
studies [56, 106, 182]. 
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4.2.11. End of Life 
 This chapter adopted the greenhouse gas emissions from Posen’s study [54] and the 
disposal cost from Urban Development [216]. For the GHG emissions, Posen et al [54] 
already derived the 5th, mean and 95th values for each recycling method. Unlike Posen’s 
study, Urban Development only reported the possible range of disposal cost. The GHG 
emissions for each recycling method can be found in Appendix C, section C.4.6. 
  
108 
 
 
 
Figure 4. 2. Cradle-to-grave system diagram of all polymer pathways. 
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 The assumptions and facts, which are associated with the processes in the life cycle 
framework of HDPE and alternative pipes, are described in Table 4. 1. 
 
 
Table 4. 1. Assumptions and facts 
 
Pathway Name Feedstock Processes Credits Assumptions/Facts 
Pristine HDPE Crude oil (CO) 
and conventional 
natural gas (NG) 
Pristine HDPE: CO, NG -
> ethane -> ethylene -> 
HDPE 
 
0.83 kg processed NG and 0.19 kg 
refined CO for 1 kg HDPE 
  
   
Hydrocarbon resources: nearest 
(100 km) by pipelines, farthest 
(4000 km) from Alberta, Canada 
  
   
Available to all 3 recycling routes 
  
   
Service lifetime of pipe: 100 years,  
HDPE/PCR CO, NG and 
plastic solid waste 
(PSW) 
Pristine HDPE: CO, NG -
> ethane -> ethylene -> 
HDPE 
  0.83 kg NG and 0.19 kg CO for 1 kg 
HDPE 
  
 
PCR: PSW -> Bailed PE -
> PCR 
 
1.11 kg PSW for 1 kg PCR. Only 
17% of PSW is polyethylene 
  
   
Plastic waste resources: nearest 
(500 km) by truck, farthest (500 km) 
by train 
  
   
Available to all 3 recycling routes 
  
   
Service lifetime of pipe: 100 years 
Nanoclay 
HDPE/PCR 
CO, NG, PSW, 
Bentonite and 
tallow 
Pristine HDPE: CO, NG -
> ethane -> ethylene -> 
HDPE 
  0.85 kg Bentonite and 0.35 kg tallow 
for 1 kg HDPE nanoclay 
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PCR: PSW -> Bailed PE -
> PCR 
 
Hydrocarbon  resources: nearest 
(100 km) by pipelines, farthest 
(4000 km) from Alberta, Canada 
  
   
Plastic waste resources: nearest 
(500 km) by truck, farthest (500 km) 
by train 
  
 
Nanoclay: Bentonite -> 
Montmorillonite + HDPE 
+ tallow -> HDPE 
nanoclay 
 
Bentonite resources: Wyoming 
  
   
Organic modification: output: 
1100 lb/hr, Tallow type: Di‐methyl 
di‐hydrogenated tallow ammonium 
(DMDHT) chloride. 
  
   
Available to all 3 recycling routes 
  
   
Service lifetime of pipe: 100 years 
Bio-HDPE Corn stover Bio-HDPE: CS -> ethanol 
-> ethylene -> HDPE 
Biogenic carbon  3.83 kg CS for 1 kg of HDPE 
  
   
Refinery Capacity: 2000 dry 
ton/day refinery 
  
   
Available to all 3 recycling routes 
        Perform mechanically equivalent to 
pristine HDPE pipe 
    Service lifetime of pipe: 100 years  
 
4.2.12. Life Cycle Cost 
The total life cycle cost (Figure 4. 3) for pipe material selection consists of four main 
cost components: production, installation, maintenance (or replacement) and end of life. 
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The production cost was defined as the total initial investment incurred at the beginning of 
the life cycle of the pipe. It consists of the material cost and energy cost (e.g. energy cost 
during extraction, transportation and pipe extrusion). Installation cost consists of costs for 
removing an existing pipe, construct a pipe, and filling a trench (see Appendix C, section 
C.5.5). Maintenance cost is the common cost of maintenance until the pipe is replaced (see 
Appendix C, section C.5.6). Repair cost occurs once defects are found. Drainage pipes 
require little to no operation expenditures, but routine maintenance [217]. The cost data 
can be found in Appendix C, section C.5. 
For end-of-life cost, a report, conducted by the Urban Development Series, collected 
the waste data from different countries and also depicted the waste percentage by disposal 
methods at four country classes: low income, lower mid income, upper mid income and 
high income countries [216]. Not only did the Urban Development Series analyze the waste 
generating rate per capita around the world but it also evaluated the cost of different 
disposal pathways. This chapter used the estimated range of disposal cost for the high 
income countries, which is based on the U.S average income obtained from the United 
States Census Bureau [184]. More information on disposal cost can be found in Appendix 
C, section C.5.7. The uniform distribution is used for these ranges in the stochastic analysis. 
 
 
112 
 
 
 
Figure 4. 3. Total life cycle cost for a 24 in. x 20 foot corrugated plastic pipe.  
 
 
4.4. Results and Discussion 
 This section presents the GHG emissions and life cycle cost of each alternative 
component: pristine HDPE, PCR-HDPE, nanoclay and bio-HDPE. Next, these two metrics 
of a corrugated pipe (made out of each alternative) are demonstrated. The results, which 
are incorporated with the uncertainty, are discussed in order to identify the advantages and 
disadvantages of each alternative as well as their potential in replacing pristine HDPE.  
4.3.1. Average Greenhouse Gas Emissions and Production Cost in the production of 
Components. 
 The analysis in this chapter highlighted the large contribution of the material 
production stage to the environmental impact of producing 1 kilogram of pristine HDPE. 
This results from the energy consumed to convert crude oil and natural gas to ethylene. 
The production of recycled blends and nanocomposite generate approximately 50% less 
GHG than pristine HDPE, which is a result from the avoided GHG emissions embedded 
with the pristine material’s production (Figure 4. 4).  Biopolymer results in the lowest GHG 
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emission per kilogram of polymer due to the credits from biogenic carbon in the feedstock 
harvesting stage. Like pristine HDPE, the material production stage of bio-HDPE emits a 
large amount of GHG because much energy is needed to chemically convert ethanol to 
ethylene and then polyethylene. 
 
 
 
Figure 4. 4: Average GHG emissions for 1 kilogram of polymer 
 
 
 
 The cost analysis showed that bio-HDPE costs more than the others because of the high 
energy cost ($0.72/kg of polymer) whereas the energy cost of the other polymers is between 
$0.30 to $0.35 per kilogram of polymer (see Figure 4. 5) .  
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Figure 4. 5: Average production cost for 1 kilogram of polymer 
 
 
 
4.3.2. Uncertainty Greenhouse Gas Emissions and Production Cost in the Production of 
Components 
 
 
(a) 
 
(b) 
Figure 4. 6. Stochastic gate-to-gate logistics GHG emissions (a) and production cost (b) over the 90% 
confidence interval (CI) and interquartile ranges for 1 kg of: (1) Pristine HDPE; (2) HDPE/PCR; (3) Nanoclay 
HDPE/PCR; (4) Bio-HDPE. Stochastic estimates based on Monte Carlo simulation (1000 iterations) are 
presented as box and whisker plots. The top of the box represents the 75th percentile, the middle line 
represents the median (50th percentile) and the bottom of the box represents the 25th percentile. The 
whiskers correspond to the 5th and 95th percentiles. 
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 Greenhouse Gas Emissions of Components (kg∙CO2e /kg material) 
 Pristine HDPE is shown to emit the most GHG (3.14 kg∙CO2e /kg in average) into the 
atmosphere compared to the other alternatives. The largest contributor to the GHG 
emissions of HDPE is the production of ethylene. Numerous GHG emission estimates for 
ethylene production were obtained from a variety of literature ranging from 0.65 to 5.47 
kg∙CO2e /kg ethylene [27, 68, 126, 151]. The analysis in this chapter estimated the mean 
GHG emissions of this process to be 2.07 kg∙CO2e /kg ethylene after resampling the 
collected values. The mean GHG emissions of nanoclay HDPE/PCR and HDPE/PCR are 
2.65 kg∙CO2e /kg and 2.57 kg∙CO2e /kg respectively. The short tail from the 50th to 97.5th 
percentile for fossil, recycled blend and nanocomposite indicates a small uncertainty in 
GHG estimates for each process collected from previous studies. Bio-HDPE has the lowest 
mean GHG emissions compared to the other three pathways. The negative value of the bio-
HDPE production is due to the biogenic carbon and coproduct credits. Despite its lowest 
mean GHG value, bio-based polymer has the widest range (from 5th to 95th percentile) of 
GHG emissions. The upper bound can surpass the mean GHG emissions of recycled blend 
and nanocomposite. In this particular case, bio-HDPE would be the least desirable option. 
Following a similar behavior, the upper bounds of HDPE/PCR and nanoclay HDPE/PCR 
can exceed the mean GHG emission of their fossil counterpart, which makes them 
impractical.   
 Three main factors, which contribute to the large variation of bio-HDPE, are the range 
of emissions generated (a) from palletization (low: 0.48 kg∙CO2e/kg, high: 2.13 
kg∙CO2e/kg); (b) from electricity and heat during the production of ethanol (low: 1.0 
kg∙CO2e/kg [53], high: 3.2 kg∙CO2e/kg in [56]); and (c) from the large uncertainty in 
116 
 
 
biogenic carbon credits (low: -5.2 kg∙CO2e/kg[189], high: -7.4 kg∙CO2e/kg [53]) (see 
Appendix C, Table C. 6). The variation of three remaining pathways results from the 
uncertainty in pelletization and polymerization. In summary, the pelletization and 
polymerization processes cause the most uncertainty across the life cycle of four polymer 
pathways. Their variation coming from a large discrepancy among collected studies can 
alter the result up to 85% from the mean (i.e. fossil-fuel HDPE). On the other hand, all of 
the other parameters may cause life cycle GHG emissions to vary by up to 5% above the 
mean (see Appendix C, Figure C. 12 in section C.6.3).  
 Production Cost of Components ($/kg material) 
 Bio-HDPE is the most expensive polymer at $1.11/kg. Following are pristine HDPE 
and nanoclay HDPE/PCR ($0.83-0.85/kg). The material cost makes up a larger portion of 
the production cost than energy cost for pristine HPDE (65%) and nanoclay (88%). This 
order reverses in the case of recycled polymer and bio-HDPE. Another reason behind the 
lowest production cost for HDPE/PCR comes from a low cost of plastic waste. Due to a 
large contribution of pristine HDPE to the recycled blend and nanocomposite, the feedstock 
cost governs the production cost of these polymeric alternatives, with nanoclay taking up 
4 %wt of the nanocomposite.  Further information regarding costs can be found in 
Appendix C, section C.5.7. The uncertainty in ethylene production cost (low: $58/DT, 
high: $116/DT) results in a large variation from the 5th to 95th percentile in the production 
cost of pristine HDPE, recycled blend and nanocomposite (see Appendix C, section C.6.4). 
Similarly, the cost of corn stover (feedstock) can vary the production cost of bio-HDPE by 
up to 60%. For the recycled blends and nanocomposite, the second influential factor is the 
transport radius in which the wastes are collected and delivered to a recovery facility. This 
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key parameter can change the environmental impact of these two materials up to 10%. 
Therefore, it is necessary to reduce the transportation uncertainty by clearly identifying the 
origin-to-destination pathways. 
4.3.3. Greenhouse Gas Emissions and Total Life Cycle Cost in the Production of Pipes 
 This section combines the GHG emissions from the cradle to pipe exit gate with that 
from the end of life stage. As stated in the scope, this research assumes all pipes can live 
up to 100 years. As shown in section Appendix C, section C.1, Nanocomposite was shown 
to meet the service lifespan of a drainage corrugated pipe.   
 Greenhouse gas emissions of 20 foot corrugated pipes 
 The results show that the mean GHG emissions of a nanoclay HDPE/PCR pipe is the 
highest (Figure 4. 7) for all recycling routes due to its highest mass though one kilogram 
of this material is a lot lighter than its traditional counterpart. In contrast, the production of 
bio-HDPE pipe emits the lowest emissions, which results from the biogenic carbon and co-
product (electricity) credited per kg of corn stover though its mass is the same as pristine 
HDPE pipe.  Figure 4. 7 also highlights the drastic difference in emissions based on the 
recycling method selected.  
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Figure 4. 7. Stochastic cradle-to-grave logistics GHG emissions over the 90% confidence interval (CI) and 
interquartile ranges for: (a) Pristine HDPE; (b) HDPE/PCR; (c) Nanoclay HDPE/PCR; (d) Bio-HDPE. The 
top of error bar represents the 95th percentile and the bottom of error bar represents the 5th percentile. 
 
 
 
 The MR route ends up with the least GHG emissions compared to the other routes 
across all polymeric pathways. The HDPE/PCR and nanoclay HDPE/PCR pipe emit 
slightly different amounts of greenhouse gas, which results from a small addition of 
nanoclay (4%) in the mixture. This analysis also highlights the environmental disadvantage 
of incineration (with energy recovery) route over the other two recycling methods. This 
point has been raised by numerous scientists, engineers and organizations because 
pollutants that are generated during the energy recovery processes can be harmful to 
humans and the atmosphere [31, 60].  In fact, the GHG emissions to incinerate and recover 
energy (1.7 kg∙CO2e) one kg of polymer are a lot higher than that of mechanical recycling 
(-0.6 kg∙CO2e/kg) and landfilling (0.04 kg∙CO2e/kg). The 5th percentile, mean and 95th 
percentile of GHG emissions for MR, IER and LF routes can be found in Appendix C, 
Section C.4.6. 
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 Present worth value (PWV) of 20 foot corrugated pipe 
 The PWV is the discounted cash flows of a pipe during its 100-year service life, which 
sums the cost from the feedstock production to the point when the pipe is disposed. Further 
detail on cost calculation can be found in Appendix C, section C.5.1. With the discount 
rate varying from 0.75-1%, the mean PWV for mechanically recycling a pipe is the highest 
as opposed to landfilling. The variation in cost of each recycling method is quite similar 
(see Figure 4. 8). The results also show that the nanocomposite pipe has the highest lifetime 
expenses for all recycling methods. This is the result from its highest production cost 
compared to other materials. Furthermore, the annual maintenance fee makes up 
approximately 38% of a pipe’s life cycle cost. Therefore, the annual maintenance cost for 
a pipe should be carefully calculated. Apart from production and maintenance costs, the 
uncertainty embedded in the pipe mass, installation cost and discount rate is shown to 
change the life cycle cost of a pipe by 50% and 30% respectively. Though the mean PWVs 
of recycled and nanocomposite pipes are higher than that of pristine HPDE, these pipe 
lifetime costs can possibly be up to 30% higher when the installation cost increases up to 
$90/ft (see Table C. 13). 
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Figure 4. 8. Stochastic cradle-to-grave present worth over the 90% confidence interval (CI) and interquartile 
ranges for: (a) Pristine HDPE; (b) HDPE/PCR; (c) Nanoclay HDPE/PCR; (d) Bio-HDPE pipes.  
 
 
 
 GHG Emission and Cost Comparison of HDPE and Alternatives with Literature  
 The mean GHG emissions of HDPE production in our study is 3.4  kg∙CO2e/ kg PE, 
which is 9-30 % more than what Franklin Associate [91] and Brogaard [151] evaluated. In 
regards to the energy consumption to produce HDPE, the stochastic results from this 
chapter fall within the range reported in Ambrose [27], Roes et al. [68], Brogaard [151] 
(50-103 MJ/kg). A similar study from Posen et al. [53] examined the uncertainty and 
derived the GHG emission distribution of low density polyethylene (LDPE) made out of 
corn, natural gas, switch grass and sugarcane. The GHG emissions of LDPE production 
via fossil-fuel in Posen’s study ranges from 2.0-4.0 kg∙CO2e/ kg LDPE [53] and the 
analysis from this chapter shows between 2.3-4.0 kg∙CO2e/ kg HDPE (see Appendix C, 
Table C. 5). The results from many publications that investigate the GHG emissions for 
the studied materials here are different from our estimates because their model neglected 
the uncertainty related to each process in the manufacturing lines, except for the work from 
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Spatari et al. [189] and Posen et al. [54]. It is important to note that our study incorporated 
the nanoclay process data given by Nanocor Inc. [94] with the estimates from a variety of 
literature. Therefore, the results are expected to shift the mean closer to reality. In this 
chapter, the GHG emissions from PCR-HDPE and nanoclay productions are between 2-
3.2 kg∙CO2e and 3.9-5.4 kg∙CO2e, respectively (Figure 4. 6). The GHG emissions of these 
two materials are 20-40% different than that reported in Franklin Associate, Perugini et al. 
[90, 91] (for recycled polymer) and Roes et al, Schrijvers et al. [68, 70] (for nanoclay). 
Another noted difference between ours and other studies is that the uncertainty in 
transportation distance and specific modes was taken into consideration. Our analysis is 
unique in the way that a range of transport distance was given for each mode based on 
realistic supply chain from Chapter 3. The transportation modes and distance for each 
polymeric component can be seen in Appendix C, tables C.6, C.7, C.8 and C.9.  
 Na et al. [108] conducted a test to obtain the failure time and then used the J-integral 
approach to investigate the long-term performance of recycled PE and nancomposite 
materials. The J-integral value has been used to evaluate the fracture behavior of a 
nonlinear elastic-plastic material. This author found that the addition of nanoclay could 
extend the failure time of pristine/recycled HDPE blends. Further, the presence of nanoclay 
reduces the pipe mass. Although the production cost per kilogram of nanocomposite is 
slightly higher than its fossil counterpart as shown in Figure 4. 6 a, the overall mean GHG 
emissions and production cost of a nanocomposite pipe are lower than that of pristine 
HDPE and recycled pipe (see Figure 4. 8). This GHG savings are a result of the reduction 
in pipe mass. Bio-HDPE pipe is favorable because its production generates the least 
amount of greenhouse gas even under the assumption that it is as heavy as the conventional 
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pipe. The reason behind this advantage came from the large amount of carbons sequestered 
by crop growth, nutrient replacement by fertilizers and collection of the feedstock [55]. 
However, its cost exceeds the cost of a pristine HDPE corrugated pipe, which can cause 
bio-HDPE to be less favorable to investors. 
4.5. Prospects for Recycled Material, Nanoclay and Bioethylene 
 Due to the uncertainty and variability embedded in the life cycle of a polymer-based 
drainage pipe, this dissertation focuses on investigating the uncertainty analyzed using 
stochastic methods and incorporates these probable ranges in the cradle-to-pipe disposal 
LCA and LCC. The uncertainty analysis emphasizes a large variation that polymerization 
and palletization processes can cause to the GHG emissions of pristine HDPE and its 
relevant alternatives. Further technological improvement should be done to reduce the 
energy variation in these two processes. In addition, this dissertation conducted 
experiments on nanocomposite and indicated that it can meet the 100-year lifetime 
requirement set by the Department of Transportation [52]. The variability in the reported 
energy inputs for the polymerization and ethane cracking processes is shown to possibly 
increase the GHG emissions of the nanocomposite by 7-46% because pristine HDPE takes 
up a large portion of this material. This variability mainly results from the difference in 
regions where the polymer production takes place. Therefore, it is important to define the 
source location of feedstock and the region where the petrochemical plants locate. A clear 
source-to-destination boundary can mitigate the uncertainty in energy consumed during the 
polymer production and transportation, especially for a material that contains multiple 
feedstock components.  
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 Furthermore, this chapter found that the production cost of per kilogram bio-HDPE 
pipe surpasses that of pristine HDPE due to its expensive production in which 56% of the 
total energy is consumed to convert corn stover to ethanol. In addition, the market price of 
a biomass feedstock is very volatile due to the unpredictable crop yields and weather. The 
production cost of a drainage pipe found in this dissertation disagree with what was found 
in Posen et al. [54]. Posen and his colleagues conducted a thorough attributional LCA study 
on low density polyethylene and its bio-based alternatives made out of sugar cane and 
switchgrass. They indicated that the cost to produce 46.9 MJ energy or 1.79 kg ethanol 
from switchgrass nearly equal to that from the fossil-fuel source. Despite the environmental 
advantages of bio-based HPDE, its high cost can stop it from being mass produced. 
Perhaps, the biomass feedstock can be used in different purposes that not only reduce the 
environmental burdens but also decrease the production cost. For example, biomass can be 
incinerated to generate electricity. The uncertainty in ethylene cost impose a large variation 
to the cost of fossil-related polymers. On per kilogram of material, recycled blends and 
nanocomposite show great potential in substituting the pristine HDPE when their GHG 
emissions and cost are relatively low whereas bio-based pipe is nearly 20% more expensive 
than its fossil counterpart. Further, the uncertainty in fracture energy, installation cost and 
discount rate have the potential to create large errors in computing the lifetime cost of a 
pipe. This study used the LCA method to highlight a hypothesis that bio-based polymer 
may not be a great choice to replace fossil-based polymer for a long-lived gravity flow 
drainage pipe. Perhaps the biomass should be used in a more valuable way such as 
combustion source. This dissertation also found that landfilling an out-of-service pipe is 
the most environmental preferable compared to the incineration and mechanical recycling 
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routes because these two routes result in a direct release of carbon to the atmosphere during 
the reprocessing and combusting processes [31]. Therefore, a pipe should be abandoned 
underground at the end of its service lime.  
 This study highlights the correlation between the environmental and economic aspects 
with the physical properties of a pipe product. In other words, it is necessary for a good 
LCA to investigate thoroughly the relationship between the mass of a product with respect 
to its material mechanical and physical properties in order to precisely assess the 
environmental performance. The crystallinity was used in this work to calculate the change 
of mass when the stress crack resistance of materials are far different. The mechanical 
properties of semi-crystalline polymers are generally governed by the crystallinity but the 
growth of crystal growth can be disturbed by nanoclay at more than 2% [108]. Therefore, 
the mass estimate for nanocomposite pipe in this dissertation may be subject to inaccuracy 
at 4 wt% nanoclay.  
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CHAPTER 5: ENVIRONMENTAL, ENERGY, AND COST EVALUATION FOR 
THE PRODUCTION OF GREEN ALTERNATIVE CEMENTITIOUS BINDERS 
 
 
5.1 Relevance and Status 
 Concrete have been used for many centuries and hundreds of historical structures still 
remain at acceptable conditions. Therefore, concrete has become a standard unit by which 
manufactures use to compare and characterize all other drainage pipe materials. Concrete 
pipe provides excellent structural integrity, durability and least-risk designs. These great 
factors are the main reasons that engineers are willing to prioritize concrete pipe to other 
suitable pipe materials such as plastic or steel pipe. However, concrete possesses a large 
amount of carbon dioxide mostly coming from the cement production. A LCA study by 
Recio et al. [29] investigated the environmental burdens resulting from to the cradle-to-
gate production of polyvinyl chloride (PVC), HDPE, polypropylene (PP), concrete and 
ductile iron (DI) sanitation pipe. The results of Recio et al. [29] showed that the concrete 
pipe generates the largest amount of carbon dioxide and 30% of this emission comes from 
the production of portland cement. Another study by Fei et al. [25] showed that the 
feedstock extraction and production, mainly cement, contribute more than 90% of the GHG 
emissions coming from the concrete pipe production. As a result of the high environmental 
load from the cementitious binder in concrete, much research is underway to develop low-
carbon cements; this chapter evaluated the life cycle environmental performance of a 
subset of “green” alternative cementitious binders. The work of this chapter will be 
submitted to Journal Cleaner Production as: 
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Nguyen, L, J A Moseson, Farnam, Y., S Spatari (2014) Life Cycle Analysis of Portland 
Cement and Green Alternatives, Drexel University: Civil, Architectural and 
Environmental Engineering Department.  
 
5.2 Introduction 
 Ordinary Portland cement (OPC) and its products (such as concrete) are important 
construction materials, but have significant environmental impact [12, 61, 218]. Compared 
to many other building materials, on a unit mass basis (e.g. steel or pressure-treated wood), 
concrete has desired compressive strength and lower environmental impact [219]. Every 
year, nearly 3.4 billion tons (and rising) of cement is produced, yielding 50 billion tonnes 
of concrete and other cementitious products [9, 10]. The cement industry is responsible for 
5-10% of global anthropogenic greenhouse gas (GHG) emissions [13-15] and consumes 
approximately 1.5 billion Gigajoule (GJ) of energy annually [16]. The manufacturing of 
one tonne of OPC generates approximately 900 kg CO2 and requires 5400 MJ of energy 
(electrical and thermal), making it both a carbon and energy intensive material [220-222].  
 To address cement’s contribution to climate change and its resource intensity, 
alternative “green” cements have been studied. These are broadly categorized into blended 
cement and alkali-activated cements (AACs). Blended cement comprises OPC plus a 
portion of one or more pozzolanic materials which can be fly ash, rice husk ash, metakaolin 
and/or ground granulated blast furnace slag (GGBFS). Previous studies have found that 
blended cement reduced from a quarter to half of GHG emissions compared to OPC [61].   
 Alkali-activated cements consist of a pozzolan (such as fly ash or GGBFS), an alkali 
activator (most commonly sodium hydroxide or sodium carbonate (soda ash)), and possibly 
other components. An advantage of most AACs is that they do not require a heating 
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process, which is required to produce OPC.  As a result, energy input, greenhouse gas 
(GHG) emissions, and cost can be considerably lower in their production. Geopolymers 
are a type of AACs [18] which distinctly yield strength-bearing alumino-silicates (more 
strictly, “a zeolite with amorphous to semi-crystalline characteristics” [17], as opposed to 
the calcium-silicate-hydrate (C-S-H) of OPC. This type of cement consists of aluminum-
rich clay (e.g. metakaolin) or a component derived from clay, and one or more alkali 
activator, most commonly sodium silicate solution or sodium hydroxide. The GHG 
emissions from geopolymers have been estimated to be 20-80% lower than OPC [219, 223, 
224]. For example, an independent analysis of the propriety E-Crete AAC1 of Zeobond in 
Australia reported GHG emissions to be 80% lower than OPC [19, 67]. Another 
formulation, the high volume limestone alkali-activated slag cements (HLAASCs) [18] is 
comprised of up to 68 weight % granular limestone, an unusually high fraction as standards 
restrict limestone to 5% by weight in the U.S. [225] and 30% in Europe [226]. Compared 
to OPC, it is estimated that use of HLAASCs may reduce both CO2 emissions and energy 
intensity by 97%, and cost by up to 50% [18]. 
 In order to effectively study and compare the environmental performance of the 
aforementioned cementitious binders, life cycle assessment (LCA) was used to 
systematically evaluate the environmental burden from feedstock extraction to the 
production of these cementitious binders. The method is detailed in the ISO standards [95, 
227, 228], and has directed decision makers life cycle environmental aspects of business, 
                                                 
1 Though deemed a geopolymer by Zeobond, it is the authors’ understanding that the product more closely fits with the 
definition of AAC used herein. 
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political, and other decisions. LCA has been incorporated in many studies to examine the 
environmental and economic benefits of (a) replacing OPC with pozzolanic cement [12, 
61] and geopolymers [13, 15, 62, 63]; (b) using recycled concrete aggregate in the 
production of new concrete [64, 65]; and (c) applying a carbon tax on the cement industry 
in Canada [229].  LCA studies have been previously performed focusing only on OPC 
[222, 230, 231] or alternatives (e.g. blended cements, geopolymer) [12, 13, 15, 61-63]. 
This chapter focuses on select life cycle environmental impacts and cost of HLAASCs, 
which have not been investigated previously in literature.  
 This chapter aims to compare the environmental impact of OPC production and its 
practical alternative cementitious materials using LCA [95]. In parallel, production costs, 
which include the transportation, energy, material and capital costs, are analyzed for the 
cement materials. It should be mentioned that this study only focuses on the procedure 
during the production of cementitious materials and excludes every activity beyond 
production stage because they are assumed to not be significantly different among all the 
alternatives. The cementitious binders studied in this paper are limited to those that can 
meet the minimum compressive strength of 50 MPa in 28 days and room-temperature 
curing and can be competitive in price to the OPC. The cementitious materials that are 
studied in this paper are (1) OPC; (2) blended OPC with slag (SC); (3) blended OPC with  
fly ash (FAC); (4) metakaolin-based geopolymer (MKG); and (5) HLAASCs.  
5.3 Methodology 
Life cycle assessment (LCA) and engineering cost analysis were used to compare the 
environmental, energy, and cost performance of five types of cementitious binders. The 
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range of life cycle inventory inputs that allow estimating the variability in energy, GHG 
emissions, and cost for each cementitious binder. 
5.2.1 Cementitious Binders 
 The cementitious binders in Table 5. 1 can be used in a variety of infrastructural and 
structural applications (e.g. pavements, roads, sewage pipe, and retaining walls). Binders 
were selected based on two main criteria: (1) they have been shown to meet or exceed the 
key performance criteria (e.g. compressive strength, and time of set) of the ASTM C1157 
standard [21], and with further refinement, could be capable of passing the standard, and 
(2) they have been reported to perform equivalently or superior to OPC from literature.  
OPC is included in the work of this chapter as a control cementitious binder. Process 
data for the production of this traditional binder have been studied extensively [12, 221, 
230]. SC and FAC are already in use as blended cements according to ASTM C989 and 
ASTM C595 [225, 232]. MKG is a type of geopolymer that has been studied widely, 
however, its practical usage is limited in the construction industry [13, 218]. MKG 
typically contains sodium silicate solution (waterglass) or powder as activator [13, 15, 
233]. The compressive strength of MKG was shown to exceed 50 MPa in Haber et al [15]. 
The ideal formulation for MKG is obtained from various studies from Duxson et al. [233-
236], whose formulation consists of 38.8 wt.% Metakaolin and 61.2 wt.% sodium silicate 
solution (modulus of 2.0, where modulus is the ratio of SiO2/Na2O), of which the modulus 
2.0 solution was suggested by McGuire [233] to be the most common in geopolymer 
mixtures. Fawer et al. [237] also concluded that modulus 2.0 sodium silicate solution was 
environmentally preferable.  
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.  
HLAASCs [18] contains limestone content of up to 68 wt.% (a high fraction of 
limestone) and GGBFS, and uses sodium carbonate as an alkali activator. This material 
could exceed 50 MPa based on a compressive test conducted by Moseson et al [18, 238]. 
The ideal proportion of HLAASCs was considered in this study to be 46.6 wt.% GGBFS, 
48.6 wt.% limestone, and 4.7 wt.% sodium carbonate [18]. 
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Table 5. 1. Proportions of cementitious binders used in this study (by weight %) 
 
 
1,2,6,7,12,13: This range were adopted form reference [221] 
5,11: These ranges were calculated based on the range of two other components: Gypsum and supplemental cementitious materials (fly ash or GGBFS) 
10,16: These ranges were adopted from references [12, 15] 
17: This range were calculated based on the range of Metakaolin 
18: This range was adopted from reference [15] 
19,20: These ranges were adopted from reference [219] 
21,22,23: These ranges were adopted from references [18, 239] 
Clinker Gypsum GGBFS Fly Ash Limestone Soda Ash Sodium 
Silicate 
Sodium 
Hydroxide 
Metakaolin 
Ordinary portland 
Cement (OPC) 
Range: 90-
95%1 
Ideal: 95%3 
Range: 5.0-
10%2 
Ideal: 5%4 
       
Blended OPC 
with slag (SC) 
Range: 25-
75%5 
Ideal: 66.5%8 
Range: 0-5%6 
Ideal: 3.5%9 
Range: 25-
70%7 
Ideal: 30%10 
      
Blended OPC 
with Fly Ash 
(FAC) 
Range: 55-
85%11 
Ideal: 66.5%14 
Range: 0-
5%12 
Ideal: 3.5%15 
 Range: 15-
40%13 
Ideal: 30%16 
     
 
Metakaolin-based 
Geopolymer 
(MKG) 
      Range: 41-
65%17 
Ideal: 61.2%19 
Range: 0-
19%17 
Ideal: 0% 
Range: 35-
40%18 
Ideal: 38.8%20 
 
High Volume 
Limestone alkali-
activated slag 
cement 
(HLAASC) 
  Range: 30-
65%21 
Ideal: 46.6%24 
 Range: 0-
66%22 
Ideal: 48.6%25 
Range: 3-
14%23 
Ideal: 4.7%26 
   
132 
 
 
5.2.2  Life Cycle Assessment (LCA) 
Life cycle inventory (LCI) data that includes material and energy inputs and 
emissions to air were collected to capture the production processes for OPC and its 
practical alternatives. These air emissions are then classified and characterized into two 
different life cycle impact assessment (LCIA) metrics: (a) GHG emissions in kg·CO2 
equivalent [240]; and (b) non-renewable energy in Megajoules (MJ), a subset of the 
cumulative energy demand (CED) metric [241]. The boundary includes processes from 
cradle (raw material extraction) to a gate (an intermediate stage), which is bulk cement 
ready for packaging or distribution. The stages within that scope are feedstock (which 
includes the inventory embodied in the raw materials from their respective cradles), 
processing, and transportation. A similar approach is used herein to evaluate production 
cost in U.S dollars, where product cost is the sum of feedstock, transportation, energy, 
and capital costs. All values used in this paper represent the U.S. market. This chapter 
only considers activities that are related to the production of cementitious binders; and 
excludes activities after this stage (e.g., casting, curing, durability performance, and 
service life), which also influence the product life cycle from the beginning to the point 
of cement manufacturing. Water usage during production activities was excluded since 
it was shown from previous studies [12, 13] to insignificantly impact the energy demand 
and GWP of cement production. The functional unit in this work was defined as one 
tonne of cement that meets a minimum compressive strength of 50 MPa in 28 days and 
room-temperature curing. 
Unique to the work of this chapter are the combination of 1) the inclusion of 
complex transportation activities of cementitious binders, and 2) the creation and use 
of directly comparable detailed models for each type of cementitious binder (using data 
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from literature for each unit process). Figure 5. 1 shows the flow stages considered in 
the LCA study: (1) feedstock extraction and production, (2) transportation to cement 
manufacturing plant, and (3) blending/inter-grinding. Further detailed material flows 
for each cementitious binder are summarized in Figure 5. 2.  
 
 
 
Figure 5. 1. Life cycle stages (cradle to gate) for cementitious binders production 
 
 
The LCA software GaBi 6.0 [96] was utilized to create life cycle modules for 
evaluating the environmental impacts of cementitious materials. Four life cycle 
inventory models were constructued for four alternative cementitious binders in the 
Gabi software based on literature and the GaBi database. As a check for validity, several 
results of the OPC custom profile and that provided by GaBi were compared and found 
to be consistent within an acceptable margin from literature [61, 222, 230]. The 
upstream data for U.S diesel production, heat generation, and electricity grid mix were 
obtained from the GaBi 6.0 databases.  
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Figure 5. 2. Life cycle stages (cradle to gate) for cementitious component and binder productions 
 
 Life Cycle Impact Assessment (LCIA) 
The LCIA method was used to evaluate mid-point metrics2 100-year GWP metric 
(from the 2007 Intergovermental Panel on Climate Change (IPCC) method), and 
primary energy from non-renewable resources (from the Cumulative Energy Demand 
(CED) method) [227]. The CED metric investigates the direct and indirect consumption 
of energy due to the manufacturing process of cements [98]. The 2007 IPCC approach 
                                                 
2 Mid-point environmental metrics refer to quantitative measures that approximate environmental damages, such as 
climate change. 
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was used to assess the 100-year GWP of five cement products because it uses a 
timeframe used in policy decisions.  
 Feedstocks Data 
The processing of slag involves granulation, a  rapid quenching with large amounts 
of water to ensure amorphous compounds, then grinding into a fine powder [61]. 
Process energy for granulating and crushing, as well as grinding, were obtained from 
the Construction Technology Laboratories (CTL)’s report [66] ( see Table D. 1 in 
Appendix D). For fly ash, the process of collection is assigned 0.006 kg·CO2 
equivalent/tonne of fly ash, as found in Heidrich et al. [242]. It is ground before being 
mixed with cement. This study assumed that fly ash was not burned in the kiln along 
with the raw materials. 
For MKG, the energy and emissions for metakaolin were sourced from the analysis 
by McLellan et al. [13] in which McLellan and colleagues assumed that the mining of 
metakaolin was similar to that for bauxite mining and the temperature of the kiln was 
700°C. The data for sodium silicate (waterglass), the most energy intensive component 
of geopolymer production [233, 236], was sourced from Fawer et al. [237]. 
For HLAASCs, sodium carbonate was assumed to be produced from trona mineral 
deposits, which is the most common method in the U.S [18, 243]. A LCI model for 
HLAASC was developed using GaBi. In this process, trona is crushed, centrifuged, 
dried, and then calcined at 200°C [244]. The relevant calcination data were sourced 
from Franklin Associates [245]. 
The process energy inputs of thermal energy, electricity, and diesel fuels consumed 
for each feedstock were derived from literature and were used to calculate GHG 
emissions (Equation (3)). The primary energy and GHG emissions for feedstock 
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production are shown in Table D. 3 in Appendix D. Important LCA feedstock data and 
assumptions are presented in detail in Table 5. 2. 
 
M୊ =  ∑ E୧ M୉ ୧       (3) 
 
MF: GHG emissions or energy of extracting and processing a cementitious feedstock, unit [kg ൉ CO2e] 
E: The quantity of non-renewable energy, unit [MJ] 
ME: the emissions factor for the non-renewable energy used, E, unit[
kg൉CO2e
MJ ]   
i: electricity, natural gas and coal 
 
 
  
Table 5. 2. Life cycled stages of manufacturing cement feedstock data and references 
 
 
 
 Transportation Data 
 Previous studies have described the significance of logistic in a life cycle assessment 
[13, 246]. Some alternative cements require rarer feedstocks, which may demand a 
combination of transport modes and thus may result in significantly varied 
environmental and economic performance.  
Material Classificat
ion 
Specifications Key References for Process 
Energy Inputs 
Gypsum Product Gypsum Stone (CaSO4-
Dihydrate) 
[96] 
GGBFS Waste 
 
[66] 
Fly Ash Waste 
 
[13, 15] 
Limestone Product Crushed stone 16/32 PE [96] 
Quartz Sand Product Silica sand (excavation and 
processing) 
[96] 
Sodium 
Carbonate 
(Na2CO3) 
Product 
 
[245] 
Sodium 
Silicate  
Product 
 
[13] 
Sodium 
Hydroxide 
Byproduct 50 wt % solution NaOH [96] 
Metakaolin Product 
 
[13] 
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 Cement plant destinations were considered for five representative major US 
population centers: Chicago (Midwest), Dallas (South), Los Angeles (West), New York 
(Northeast), Philadelphia (Northeast).  These cement plants were sited in four cities 
because of access to the railroad networks that could facilitate shipment via energy 
efficient rail between cementitious material sources and the cement plants as shown in 
as shown in Figure 5. 3.  
 
Figure 5. 3: Rail system in the U.S. Red dots represent the cement plants. This dissertation adopted the 
rail system map from [247] 
 
 The most efficient route for each feedstock from origin to destination was calculated, 
utilizing one or more transportation methods amongst ocean barge (bulk cargo ship), 
freight train, and commercial truck. Barges were utilized for intercontinental 
transportation requiring travel across an ocean, using the nearest respective major ports. 
Diesel freight trains were utilized for domestic transportation greater than 200 miles, 
using the nearest respective freight terminal listed by CSXT [248], Norfolk Southern 
[249], or Union Pacific [250]. Rail transportation distances were obtained using ArcGIS 
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[183]. All other transportation legs utilized diesel commercial trucks, with the distances 
determined from Google Maps. After collecting all possible origins for a feedstock, a 
statistical method, namely standard deviation method, was used to eliminate outliers. 
This method was used because it does not require (1) a large dataset, (2) normality 
assumption, and (3)  hypothesis testing [251]. Due to space constraints, the details of 
the 134 journeys (after eliminating outliers) are not presented herein. The authors of 
this study acknowledge that more efficient routes might be found given additional 
analytical inputs or using proprietary transportation resources (e.g. ports, terminals), 
but believe the values to be sufficient for the purposes of this study. The lower, mean 
and upper transportation distances of feedstocks (which was calculated from origin 
(either local or global origins to cement plant) and the references for origins are 
described in Table D. 2 in Appendix D. The transportation distance for each 
cementitious binder is shown in Table 5. 3.  
 
 
Table 5. 3. Average distance for transporting 1 ton of cement, derived from five cement plant destinations 
Cement Average Distance [mile] 
OPC 206 
SC 670 
FAC 361 
MKG 2147 
HLAASC 1601 
 
 
 GaBi was used to calculate the GHG emission coefficient (kg·CO2 equivalent) and 
energy coefficient (MJ) for each mode, with a transportation functional unit of one 
tonne-km (Table 5. 4). The products of the distance and functional unit for each leg 
were summed to determine the total for each journey (Equation (4)). The metrics for 
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primary energy and GHG emissions for transportation are shown in Table D. 3 in 
Appendix D. 
M୘ =  ∑ d୧ M்ெ ௜              (4) 
MT:   Metric for transport GHG emissions or energy of a cementitious component 
d:      Transport distance, unit [miles] 
MTM: GHG emissions, energy consumption for the transport mode used to deliver one ton of material, 
unit ቂkg൉CO2eton.mileቃ or ቂ
MJ
ton.mileቃ 
i:       Truck, train and ocean barge 
 
Table 5. 4. GHG emissions, energy and cost of various transportation modes 
  
GHG Emissions 
[kg·CO2 equivalent / tonne-km] 
Primary Energy 
[MJ/tonne-km] 
Transportation Cost 
[USD/tonne-km] 
Barge1  0.016 0.21 0.00284 
Train2  0.028 0.39 0.0184 
Truck3  0.052 0.73 0.174 
 
1 Typical 1500 tonne diesel barge, fully loaded. 
2 Typical 1000 tonne capacity diesel train, loaded to 726 tonnes.  
3 Typical 34-40 tonne capacity diesel, loaded to 27 tonnes.  
1-3 Processes cover 95% of mass and energy of the input/output flows and 98% of environmental 
relevance. 
4 [118, 119, 121, 122] 
 
 
 Cement Process Data 
Although limestone is crushed and pyro-processed for OPC and blended with 
cement, it is only crushed for HLAASCs. For MKG and HLAASCs, the process energy 
of blending was assumed to be similar to that of crushing [18]. The “inter-grinding” 
process for OPC comprises reclaiming the clinker from storage, adding gypsum, and 
grinding the mixture to a fine powder [222]. Energy input for grinding and crushing is 
listed in Table D. 1 in Appendix D. GHG emissions and primary energy for cement 
production were calculated based on Equation (5). 
M୔ =  ∑ E୧ M୉ ୧      (5) 
MP:  Metric for GHG emissions or energy of processing a cementitious binder, unit [kg ൉ CO2e] 
E:    The quantity of non-renewable energy, unit [MJ] 
ME:  The emissions or energy factor for the non-renewable energy used, E, unit[
kg൉CO2e
MJ ]  or [
MJ
MJ]   
i:      electricity, natural gas and coal    
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5.2.3 Production Cost  
The production cost of cements is the sum of feedstock, transportation, process and 
capital costs. The transport cost was calculated based on the distance derived in this 
study. 
 Feedstock Cost 
The free on board costs of cement feedstock were obtained from the literature and 
governmental reports, which exclude the cost of transportation. Other potentially 
significant cost factors including operation and maintenance (O&M), licensing, and 
volume are beyond the scope of this study. O&M and licensing costs were excluded in 
this chapter due to the challenge in data collection for some new cement alternatives. 
For example, alkali-activated cements and geopolymer are relatively new compared to 
OPC and pozzolanic cements. As indicated in McLellan's study, the durability and 
service life of geopolymers have not been considered formally unlike OPC [13]. 
The market prices for pozzolan (fly ash or GGBFS) can vary widely. In this chapter, 
fly ash is estimated to be $40-80/tonne, based on the work from USGS and 
Henkensiefken reports [252, 253]. The market price of GGBFS is higher than fly ash 
because it requires more energy and equipment to transform waste slag into a usable 
form, ranging from $60 to $100/tonne [18, 254]. The mid-point of these ranges were 
used in this analysis so fly ash and GGBFS cost $60 and $80 per ton, respectively.  
 Transportation Cost 
Similar to the method for calculating the total transportation emissions and energy, 
the products of the distance and dollar unit (Table 5. 4) for each leg were summed to 
determine the total cost for each journey (Equation (6)). Feedstock and transport costs 
for each cementitious feedstock as well as the references for cost are presented in Table 
D. 3 in Appendix D. 
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M୘ =  ∑ d௜ M்ெ ௜                (6) 
MT:    Transport cost of a cementitious component, unit [$] 
d:       Transport distance, unit [miles] 
MTM:  Transport cost of a transport mode for transporting one ton of material, unit ቂ
$
ton.mileቃ 
i:       Truck, train and ocean barge 
 
 Cement Process Cost 
 The energy cost for kiln, grinding and crushing was calculated based on the energy 
sources described in Marceau et al. [10] and CTL report [66] following Equation (7). 
The key energy sources and cost references for energy are listed in Table D. 4 in 
Appendix D. 
M୔ =  ∑ E௜  Mா ௜      (7) 
MP: Cost of processing a cementitious binder 
E:    The quantity of non-renewable energy, unit [MJ] 
ME: The cost factor for the non-renewable energy used, E, unit [
$
୑୎
] 
i:     Electricity, natural gas and coal 
 
 Capital Cost 
According to the ETSAP report [255], OPC and its blends require a kiln with a 
capital cost of ~$200-250 million for a one million tonne capacity plant [255, 256] 
(MKG and high volume limestone AACs do not require a kiln). This capital cost is 
equivalent to $39/tonne (€29.7/tonne) for a conventional cement plant, which has a 5-
stage preheater and precalciner kiln. 
Another report by CCHRC [257] estimated the capital investments required for a 
geopolymer cement manufacturing plant to be a few hundred thousand dollars. This 
estimate is less than 1% of the capital investments required for a conventional cement 
plant. As a result, the capital charge for blended cements, HLAASCs and geopolymer 
was assumed to be 1% of the OPC’s capital charges ($0.39/tonne) in this chapter. 
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5.2.4 Uncertainty Range and Calculations 
The uncertainty ranges (material and transportation costs, energy input) of a cement 
product rely on the allowable weight range of their key ingredients. Calculations were 
applied to determine the lower and upper values of each cement mixture by varying the 
mass fraction of one feedstock within its allowable range and calculating the mass 
fraction of other components so that (1) the overall mass equal to one tonne (100%), 
and (2) the weight fraction of each feedstock stays within the range noted in Table 5. 5. 
 
 
Table 5. 5. High and low proportions of cementitious binders used to estimate the range of uncertainty 
in result metrics. Results for primary energy, GHG emissions and cost were calculated for each 
cementitious binder based on the proportions shown below. 
  
Metrics Lower Upper 
OPC Energy, emissions. & cost 
90% Clinker; 10% Gypsum 95% Clinker; 5% Gypsum 
SC Energy, emissions. & cost 
28.5% Clinker; 1.5% Gypsum; 70% 
GGBFS 
71.25% Clinker; 3.75% 
Gypsum; 25% GGBFS 
FAC Energy, emissions. & cost 
55% Clinker; 4.7% Gypsum; 40.3% Fly 
Ash 
85% Clinker; 1.6% 
Gypsum; 13.4% Fly Ash 
MKG Energy, emissions, & cost 
60% Sodium Silicate; 40% Metakaolin 65% Sodium Silicate; 35% 
Metakaolin 
HLAASC 
Energy & emissions 30.9% GGBFS; 66% Limestone; 3.1% 
Soda Ash 
65% GGBFS; 31.9% 
Limestone; 3.1% Soda Ash 
Cost 30% GGBFS; 63.8% Limestone; 6.2% 
Soda Ash 
42.1% GGBFS; 43.9% 
Limestone; 14% Soda Ash 
 
 
 
 The total GHG emissions, energy and production cost for a cementitious binder 
were derived by using Equation (8) and concentrations that are listed in Table 5. 5. 
Equation (8) should generate 33 or 9 possible outcomes. The minimum (lower), mean 
and maximum (upper) bounds of these 9 results were used in the final comparison. 
Mୡ =  ∑(∑ C୧ M୊);  ∑(C୧ M୘);  M୔)                        (8) 
C: Concentration of cementitious component (wt. %), as shown in Table 5. 5 
MC: GHG emissions, energy or production cost of producing a cementitious binder 
MF: GHG emissions, energy or production cost of extracting and processing a feedstock 
MT: GHG emissions, energy or production cost for transporting a feedstock  
MP: GHG emissions, energy or production cost for processing cement  
i:    Low, average and high values 
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5.4 Results 
5.3.1 Life cycle energy and GHG emissions for Each Stage 
 The life cycle cradle-to-gate (lower, mean and upper values) GHG emissions and 
primary energy of each cementitious binder are presented in Table D. 5 in Appendix D. 
4.1.1. Feedstock 
  Figure 5. 4 shows the primary energy and GHG emission profiles of the feedstock 
stage for the five cementitious binders. Total GHG emissions correlate well with energy 
consumption because a large portion of energy originates from fossil fuels such as 
natural gas, coal, and crude oil [82]. The feedstocks for OPC embody the least energy 
and GHG emissions, since they primarily comprise sand, rock, shale and crushed 
limestone. For SC and FAC, a large part of OPC is replaced by slag or fly ash. Hence, 
the energy and emissions are significantly reduced. They also have a wider range of 
acceptable values (Table 5. 5), so the error bars are wider. The high value of MKG 
comes from the production of sodium silicate (its alkali activator), which agrees with 
the findings from other studies [15, 236]. The value for HLAASCs could be slightly 
higher than for OPC in the feedstock stage, but significantly lower than the other 
alternatives.  
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 (a) 
 (b) 
 
Figure 5. 4: By archetype, GHG emissions (a) and primary energy (b) embodied in the feedstock stage. 
The main bars represent the ideal formulation; the error bars represent the lower and upper formulations 
(Table 5. 5) 
 
 
4.1.2. Transportation 
Figure 5. 5 shows the energy and GHG emissions for the transportation stage. 
OPC’s transportation-related GHG emissions are the lowest among the cementitious 
binders since transportation of its primary feedstocks is mostly local. For example, the 
nominal Nevada cement manufacturing facility is located less than seven miles (eleven 
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kilometers) away from the limestone quarry and clinker production facility [258]; 
variation is due mostly to gypsum. SC and FAC are moderate, because the fly ash or 
GGBFS, respectively, must be transported to a cement plant; GGBFS is rarer and thus 
further from average. The transportation-related emissions and energy consumption of 
MKG (average distance 2,147 miles) and HLAASCs (average distance 1,601 miles) are 
the highest, and have the largest variation, because significant components derive from 
far fewer sources, especially sodium silicate and sodium carbonate.  
 
 
 (a) 
 (b) 
Figure 5. 5.  By cementitious binder, GHG emissions (a) and primary energy (b) of transportation. The 
main bars represent the ideal formulation at average transportation distances; the error bars represent the 
high and low formulations, based on Table 5. 
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4.1.3. Processing 
Figure 5. 6 shows the energy and GHG emissions for the processing stage. This 
stage demonstrates the most drastic difference between cementitious binders, and is the 
familiar primary concerns about OPC. The kiln used for calcination of OPC clinker 
requires sustained temperatures of 1300-1400°C [222]; 3500-4000 MJ/tonne of clinker 
is consumed to split calcium carbonate (CaCO3) into calcium oxide (CaO) and carbon 
dioxide (CO2), amongst other processes. Thus, the OPC processing releases 937 
kg·CO2 equivalent/tonne, which is much higher than that of other cementitious binders.  
Additional energy, in the form of electricity, is needed for grinding and blending cement 
to fine powder. In contrast, the blended cements do not require a further kiln process, 
only blending with OPC. In this analysis, the processing of OPC for these blends, and 
the associated kiln energy, was accounted for in the feedstock stage (Figure 5. 4). 
Similar to blended cements, HLAASCs and MKG require only a fraction of the energy 
used for OPC, because the only processing required is blending. 
 
 (a) 
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 (b) 
Figure 5. 6. By cementitious binder, GHG emissions (a) and primary energy (b) of processing.  
 
 
5.3.2 Total life cycle energy and GHG emissions 
Figure 5. 7 shows the final GHG emissions of five cementitious binders. As 
expected, SC, FAC, and MKG have significantly lower GHG emissions compared to 
OPC, and HLAASCs has drastically lower emissions among all alternatives.  
 
 
 
(a) 
 
(b) 
Figure 5. 7.  Life cycle (cradle to gate) GHG emissions breakdown (a) by feedstock and (b) by stages for 
five cementitious binders. The error bars, which were calculated based on Table 5.5, are the sum of errors 
in each life cycle stage. 
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Figure 5. 7 a highlights the great contribution of OPC (> 90%) to the emissions of 
the blended cements whereas both non-OPC based cements release lower greenhouse 
gas which is due to the GHG emissions avoided from the kiln processing stage.  
For the blended cements at the ideal formulations, transportation contributes less 
than 5% of the total greenhouse emissions. However, the transportation phase 
contributes approximately 12% and 46% to the final GHG emissions of MKG and 
HLAASCs, respectively. 
The relationship between primary energy and GHG emissions (Figure 5. 8) 
illustrates the uncertainty space between low, mean, and high estimates of each metric, 
which provides a basis for comparison, in the style of Leppin [259].  
 
 
 
Figure 5. 8. Life cycle GHG emissions and Primary Energy for one tonne of OPC and alternatives, 
including all ranges considered. 
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In Figure 5. 8, the best cementitious binders appear closest to zero on both axes. It 
can thus be said that, in general, compared to OPC, FAC and SC have a moderate 
advantage, HLAASCs has a major advantage, and MKG has a major disadvantage in 
term of energy consumption. For options which overlap on a particular line for the 
horizontal, vertical, or both axes, other considerations such as cost, details of 
performance, and other factors would have to be considered. 
5.3.3 Total life cycle cost and GHG Emissions 
Figure 5. 9 and Figure 5. 10  show the carbon footprints and production cost for 
each cementitious binder. The preheating process takes up 95% of the OPC’s GHG 
emissions and hence largely contributes a large carbon footprint to any cementitious 
binders that involve OPC. As shown in Figure 5. 9 a, the largest GHG contributor of 
pozzolan cementitious binders is OPC. As opposed to OPC-based cementitious binders, 
the non-OPC based cementitious binders, geopolymer and alkali-activated cementitious 
binder, emit much lower greenhouse gas.  
 
 
 
(a) 
 
(b) 
 
Figure 5. 9. Life cycle (cradle to gate) GHG emissions breakdown (a) by feedstock and (b) by stages for 
five cementitious binders. The error bars, which were calculated based on Table 5. 5, are the sum of 
errors in each life cycle stage. 
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(a) 
 
(b) 
Figure 5. 10. Life cycle (cradle to gate) production cost breakdown (a) by feedstock and (b) by stages for 
five cementitious binders. The error bars, which were calculated based on Table 5. 5, are the sum of 
errors in each life cycle stage. 
 
 
 
 All alternatives show the environmental advantages over OPC but most all of them 
cannot overcome the cost advantage of OPC (Figure 5. 10). The capital and processing 
costs are significant for OPC, but not the others. Feedstock costs are most significant 
for SC, FAC (OPC being a feedstock), and MKG (sodium silicate and metakaolin being 
relatively expensive) (Figure 5. 10 a). Transportation is significant for all and most 
variable for MKG and HLAASCs, due to the relative rarity of feedstocks. However, the 
cost of these alkali-activated cementitious binder has a potential to be lower than that 
of OPC if its feedstocks are transported from the nearest suppliers or mines. In fact, 
transportation makes up a large portion (37-65%) of the production cost of HLAASCs 
as shown in Table D. 5 in Appendix D. 
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Figure 5. 11. Life GHG emissions and cost for one tonne of OPC and alternatives, including all ranges 
considered. Inset: longer y-axis to include MKG. 
 
 
5.5 Discussion 
The alternative cementitious binders evaluated in this study showed improved 
environmental and cost performance and resource efficiency relative to OPC, with the 
exception of MKG, which in North America could be up to 5 times more costly to 
produce compared to OPC, as also confirmed in literature [13, 19]. Figure 5. 7 and 
Figure 5. 10 quantitatively demonstrate that details regarding materials, logistics and 
market price matter significantly when considering alternative cements, and these 
figures also emphasize that alternative cements which are attractive to a certain 
supplier, or even different plants of the same supplier, may not be for others. The results 
here align with McLellan’s study [13]; it is important to assess the specific source of 
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feedstock and transport impacts in order to accurately evaluate the relative sustainable 
and economic performance for a given application in a given location. 
SC and FAC blends can be superior to OPC, with GHG emissions reduced by up to 
68%, energy reduced by up to 68%. These blended cements have the potential for lower 
energy and emissions, but also a greater uncertainty and higher cost. Compared to OPC, 
the production cost of SC and FAC may provide an advantage, but only if the respective 
savings at least negates the cost of transporting the material. Because cement production 
facilities are not necessarily sited for their proximity to access supplies from coal power 
plants and iron mills, and because of the relative rarity of those materials (e.g. soda ash, 
metakaolin), this drives up the production cost of cement which relies on those 
materials. Similarly, HLAASCs can indeed be dramatically environmentally superior 
to both OPC and blends, with GHG emissions reduced by up to 95%, energy reduced 
by up to 85%, and production cost reduced by up to 28%. This aligns with the  analysis 
that accompanied the publication of the proof of concept [18]. Even in the worst case, 
it would retain superiority in energy and GHG emissions, but transportation and higher 
levels of sodium carbonate could make it financially impractical.  
Comparing the results to literature: this study shows that SC consumes 44% less 
energy than that of OPC (at ideal formulation) within energy savings estimated by 
Prunsinski et al. [61], who reported a 21-48% reduction. Similarly, the 47% energy 
savings of FAC at ideal formulation align well with the estimated savings in 
Prunsinski’s study. Further, in this study, MKG reduces the GHG emissions by 27-45% 
compared to OPC emissions. This range is lower than the estimate of 44-64% GHG 
emission reduction reported by McLellan et al. [13]  and the estimate of 60% GHG 
emissions reduction estimated by Zeobond [67]. This study confirms a finding from 
many studies that the high temperatures required for synthesis of sodium silicate 
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contributes greatest to GHG emissions in MKG production [233, 260, 261]. Regardless 
of any environmental advantages, these results show a much higher cost of this 
geopolymer (up to five times that of OPC), making it impractical, at least for the mass 
market. This result is higher than the estimate in McLellan’s study in which the price 
of geopolymer was two times more than OPC. 
5.6 Conclusions 
 LCA models, which accounted for the activities from cradle to cement exit gate 
(neglected transport to users, installation, in-use and end of life stages), used along with 
traditional cost analysis demonstrate the tradeoff among a promising set of cement 
alternatives. This study showed that while SC, FAC, HLAASCS, and MKG reduce the 
life cycle GHG emissions of cements relative to OPC, only MKG is impractically 
expensive in North America due to its rare feedstock supply needs and their costs; 
however, in places, where the feedstock is available, MKG could be competitive with 
OPC. Further, transportation is critical to all cementitious binders since it contributes 
up to ~80% of the net GHG emissions and up to `65% of the production cost. 
Cementitious formulations and feedstock pricing can also make the difference between 
advantage and disadvantage. In conclusion: green alternative cements can embody 
revolutionary advantages over OPC but, even for the same cement, location and market 
conditions will determine whether and to what degree that is true. 
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CHAPTER 6: DISCUSSION AND CONCLUSION 
 
 
This dissertation evaluated green substitutions for traditional infrastructure and 
building materials such as recycled, bio-based polymers used for drainage pipe 
applications and alternatives to ordinary Portland cement used for infrastructure and 
structure. The following paragraphs discuss the major findings and limitations of the 
polymer and cement LCI models and propose the plausible improvements in enhancing 
the precision of data input for these models. More importantly, this section describes 
the possible methods to strengthen the uncertainty analysis which increases the 
accuracy of the model outcomes for result interpretation.  
 This dissertation investigated the GHG emissions of HDPE and its alternatives and 
concluded that the LCA results highly depend on the mechanical property used to define 
the functional unit. In fact, the difference in functional units used to guide the 
design/analysis will lead to the material addition or reduction, which greatly impacts 
environmental metrics. Chapter 2 on the cradle-to-exit gate of pristine HDPE, recycled 
blends and nanoclay HDPE/PCR found that elastic modulus and crystallinity increases 
when recycled materials and nanoclay are blended with pristine HDPE whereas the 
fracture energy of these two materials was found to be a lot lower than that of their 
conventional counterpart in chapter 4. By adopting the material index method described 
in Ashby [107], the results in this dissertation showed that the mass of two recycle-
based pipe reduced drastically when the resistance to deformation was considered as a 
functional unit. In contrast, their mass increased significantly when the stress crack 
resistance was taken into consideration. Besides the important emphasis of the 
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relationship between product mass and functional unit, this dissertation also highlighted 
that the production of pristine HDPE had a major impact on the GHG emissions of its 
associated products. This results from the high embodied energy and emissions used in 
the feedstock stage of plastic manufacturing. This finding strongly resonates with the 
work of Brogaard et al. [151], Franklin Associates and CSIRO [27, 91, 151]. The results 
from the sensitivity analysis indicated that the uncertainty in manufacturing pristine 
HDPE causes the largest variation of GHG emissions of nanoclay HDPE/PCR pipe. 
The energy cost of recycled plastic, which includes the transport and reprocessing costs, 
impacts the production cost of nanoclay HDPE/PCR pipe the most. 
 The study on the logistics supply chain of corn stover (lignocellulosic) examined 
the uncertainty in GHG emissions owing to the fact that sustainable yields of 
agricultural residue (corn stover) vary spatially and thus require optimizing the location 
and transportation logistics of pre-processing depots for biomass densification in order 
to reduce transportation cost and environmental emissions, such as GHG emissions. 
Pre-processing facilities convert biomass (i.e. corn stover) to quality-controlled 
commodities prior to being transported to a biorefinery.  The size of these facilities can 
drastically change the mode of transport and the number of the transport routes due to 
the required biomass volume. The results also highlighted the important role of the 
facility sites and road/rail infrastructure in transportation-related GHG emissions. The 
uncertainty in these factors can increase the life cycle GHG emissions range above the 
compliance level (39.7 g CO2e / MJ ethanol) set by the U.S. Federal Renewable Fuel 
Standard Program. 
 From the environmental and economic study of alternative cement production 
compared with the traditional material, this dissertation highlights that the viability of 
a sustainable cement greatly depends on the market price and location of its feedstock. 
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The finding from this dissertation on avoided GHG emissions when using 
supplementary cementitious materials such as fly ash or slag aligns with other studies 
[61, 66, 252]. Depending on the amount of portland cement replaced by these materials, 
previous studies [13, 238], as well as the results from this dissertation, showed that the 
alkali-activated cement substantially reduces the GWP by up to 90% and production 
cost by up to 65% with reference to ordinary portland cement. However, in the case of 
metakaolin-based geopolymer (MKG), the result from this dissertation presented a 
tradeoff between environmental and economic metrics.  The cost of MKG can be up to 
four times higher than its traditional counterpart due to the rarity of the feedstock, which 
drastically increases the cost of transportation. Furthermore, it is important to define 
whether a material (i.e. fly ash or slag) is a waste or a by-product. Research studies by 
Habert et al. [15] and Chen et al. [262] indicated that fly ash and slag may be considered 
as a by-product in an European perspective. In this case, their environmental impact 
coming from their previous primary product system needs to be considered. As a result, 
the total GHG emissions of the blended cement will significantly increase and will 
possibly surpass the GHG emissions of its conventional counterpart. Since cement is a 
composite material that consists of many components such as limestone, sand, clay and 
gypsum, its production involves a large and complex transport system which contains 
much uncertainty and variability. Therefore, logistics supply chain should not be 
neglected in a LCA and LCC study for a cement because this factor may defeat the 
sustainable purpose of a cement alternative, especially in the case that its feedstocks are 
rare or imported from out of state.  
 This dissertation used life cycle assessment and life cycle cost analysis to fully 
evaluate the economic and environmental performance of cement and high-density 
polyethylene alternatives. This work also examined the long-term stress cracking 
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behavior of pristine HDPE’s alternatives: recycled blends and nanocomposite. During 
this research, the uncertainty was always considered at every step from the feedstock 
extraction to the end of a pipe life. Different stages of the LCA model developed in this 
thesis incorporate output data from multiple analytical tools, models and simulations. 
Each life cycle stage was thoroughly investigated to gather a possible range of material 
and energy inputs. This analysis used statistical methods such as the Monte Carlo 
simulation and non-parametric bootstrapping to treat the uncertainty and variability in 
these data ranges. These resampling methods randomly shuffled data to diversify the 
datasets in order to mitigate as many errors as possible. In addition, this dissertation 
highlighted the importance of transportation logistics and infrastructure in a life cycle 
assessment study. The variability in the transported commodity volume, transport 
distance, feedstock collection radius highly impacts the energy input and thus affects 
the global warming potential of cement-based and polymer-based materials. The main 
point of this dissertation is that alternative materials are not always a better choice even 
if their production stage consumes significantly less energy than conventional materials 
because the cumulative energy input and emission from other stages such as 
transportation, installation and disposal can be more environmentally unfavorable. For 
example, geopolymer and bio-based HDPE are not financially practical compared to 
their conventional counterparts. Instead of being extracted and processed to make these 
materials, the natural/agricultural mineral or fossil-fuel resources can be used in low-
energy intensive applications that directly need them.  
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CHAPTER 7: FUTURE WORK 
 
 
This dissertation focused on green substitutions for traditional infrastructure and 
building materials such as recycled, bio-based polymers used for drainage pipe 
applications and non-ordinary portland cement based cementitious binders used for 
infrastructure and structures. The following paragraphs discuss the limitations of the 
polymer and cement LCI models and propose a better way to characterize the data 
inputs, which helps improving the efficiency of the statistical results. 
This research assesses only GHG emissions and NRE for the production phase of 
pipe (cradle-to-gate). Wang et al. [99] noted that pipe materials and their lifespan affect 
stormwater runoff quality and land imperviousness. Through this lens, Wang et al. [99] 
relate the environmental problems of stormwater runoff, such as disturbance to aquatic 
ecosystems and adverse impacts on human health, commercial and recreational 
activities to pipe material selection and design. Furthermore, polluted runoff is 
sometimes discharged directly to the ocean with little to no treatment. As a result, future 
research may include evaluation of life cycle impact assessment metrics relevant to the 
in-use and disposal of a drainage infrastructure system such as eutrophication, 
acidification, human toxicity, freshwater aquatic ecotoxicity and marine aquatic 
ecotoxicity. In situations where the pipe material choice may negatively impact the 
surrounding environment, the research scope should be extended to consider the in-use 
function as an important factor in the sustainable design of pipe systems. For the 
uncertainty analysis, the work of this dissertation collected as many existing estimates 
as possible for each gate-to-gate segment in the life cycle of each material. It further 
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employed stochastic methods to estimate a probable range of the GHG emissions and 
lifetime cost of pipe. However, some key parameters only contain one point estimate 
so the results here do not capture their complete contribution. Further research on these 
parameters are necessary. Regarding environmental impact category, bio-based 
polymers often produce poorer results than their fossil counterpart on the impact 
categories eutrophication, acidification and stratospheric ozone depletion. For example, 
research by Miller et al. [263] concluded that corn-based products did not offer much 
reduction in GWP relative to gasoline yet had greater eutrophication impact. Miller’s 
research study also warned the audience of the environmental consequences from 
nitrogen if 40 million acres of agricultural land are to be subsidized. Therefore, a deeper 
investigation of these environmental metrics is recommended.  
Regarding the LCI of cement production, there were challenges in data collection 
and modeling. First, for metakaolin, due to insufficient process data this study used the 
thermal energy and electricity input data obtained from McLellan’s study [13]. 
However, as the upstream of electricity and energy is dependent on region and country, 
our U.S models were expected to generate different GHG emissions and primary energy 
compared to McLellan’s in Australia [13]. Second, the inventory data for sodium 
silicate production in this study was obtained from Fawer et al.’s LCI study [237], 
which used process data available in the 1990s and the average environmental 
performance of the European sodium silicate industry. This dissertation acknowledged 
that the use of current manufacturing technology would have resulted in lower 
environmental burden on sodium silicate production [233]. Third, sodium hydroxide is 
treated as a waste product, which was also assumed in Low et al. [264]. Therefore, its 
environmental burden was not allocated to the production of cement. However, the 
work by Duxson showed that sodium hydroxide could be treated as a co-product of 
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electrolysis of the brine system [265]. In this case, the GHG emissions of sodium 
hydroxide would be partially allocated to cement production. Hence, the GHG 
emissions of MKG would have increased due to high energy demand of the sodium 
hydroxide production. Fourth, similar to sodium hydroxide, fly ash and GGBFS are 
treated as waste products from other industries according to U.S. regulations. Therefore, 
their upstream environmental burden was not taken into consideration. A study by 
Habert et al. [15], suggested that fly ash and slag could be potentially considered as by-
products according to European Union directive 2008/98 [266]. If so, pozzolanic 
materials could improve the environmental performance of geopolymers. The work of 
this dissertation used a life cycle approach to estimate the cement composition, which 
produced the highest and lowest values of three performance metrics. More complete 
methods such as the simplex method or the sequential linear program [267, 268] can be 
applied to obtain better mix-design results, since the final results are strongly related to 
the mix formulations. Regarding the development of alternative cements, the factors 
detailed here - transportation, cost, energy, and GHG emissions - should be considered 
in any cement development process, along with performance and broader (e.g. social) 
impacts. Further, in the long term, regulatory and market conditions should be 
monitored for any significant changes (e.g. carbon tax, sequestration advances, shifts 
in allocation norms, etc.) which may affect the assumptions made in this dissertation. 
The design service lifetime (i.e. durability) of most buildings is often 30 years, although 
buildings often last 50 to 100 years or longer [269]. This factor was excluded from the 
scope of this dissertation because the system boundary stops at the cement production 
exit gate. Future research should study the durability of cements and investigate the 
environmental impact as well as maintenance cost initiated from their in-use stage. 
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APPENDIX A:  LIFE CYCLE ECONOMIC AND ENVIRONMENTAL 
IMPLICATIONS OF PRISTINE HIGH DENSITY POLYETHYLENE AND 
ALTERNATIVE MATERIALS IN DRAINAGE PIPE APPLICATIONS 
 
 
Supplemental Information for Chapter 2 
Life Cycle Economic and Environmental Implications of Pristine High Density 
Polyethylene and Alternative Materials in Drainage Pipe Applications 
Table A. 1: Life Cycle Energy and GHG emissions for the production of (1) 20-foot pristine HDPE pipe, 
(2) 20-foot HDPE/PCR pipe and (3) 20-foot nanoclay HDPE/PCR pipe. 
 
    
Life Cycle Energy  
(MJ per HDPE pipe) 
Life cycle GHG Emissions  
(kg∙CO2e per HDPE pipe) 
  
Amount per kg 
of resin 
Avera
ge 
High (+)/Low (-) Average High (+)/Low (-) 
Percentage of 
Pristine HDPE 
1 6554 +168/-168 258  +22/-22 
Percentage of 
PCR-HDPE 
0 0 0 0 0 
Percentage of 
Nanoclay 
0 0 0 0 0 
Pipe Extrusion  330 0 49 0 
Total  6883   307   
   
Life Cycle Energy  
(MJ per HDPE/PCR pipe) 
Life cycle GHG Emissions  
(kg∙CO2e per HDPE/PCR pipe) 
  
Amount per kg 
of resin 
Avera
ge 
High (+)/Low (-) Average High (+)/Low (-) 
Percentage of 
Pristine HDPE 
0.50 3208 +82/-82 126.4  +11/-11 
Percentage of 
PCR-HDPE 
0.50 386 +121/-107 61  +14/-11 
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Percentage of 
Nanoclay 
0 0.0 0 0  0 
Pipe Extrusion  323  0 48  0 
Total  3917   235   
   
Life Cycle Energy  
(MJ per nanoclay 
HDPE/PCR pipe ) 
Life cycle GHG Emissions  
(kg∙CO2e per nanoclay HDPE/PCR 
pipe) 
  
Amount per kg 
of resin 
Avera
ge 
High (+)/Low (-) Average High (+)/Low (-) 
Percentage of 
Pristine HDPE 
0.47 2480  +63/-63 98 +8.1/-8.1 
Percentage of 
PCR-HDPE 
0.47 298  +93/-83 47 +10.8/-8.5 
Percentage of 
Nanoclay 
0.06 233  +20/-14 16 +2.9/-2.0 
Pipe Extrusion   265  0 40  0 
Total   3276   200   
 
 
 
 
Table A. 2: Production cost of (1) 20-foot pristine HDPE pipe, (2) 20-foot HDPE/PCR pipe and (3) 20-
foot nanoclay HDPE/PCR pipe. 
 
  Pristine HDPE pipe 
[Cost ($)/ (Percentage (%))] 
HDPE/PCR pipe 
[Cost ($)/ (Percentage 
(%))] 
nanoclay HDPE/PCR pipe 
[Cost ($)/ (Percentage (%))] 
Pristine HDPE 163/(71) 80/(40) 62/(32) 
PCR-HDPE 0 54/(27) 43/(22) 
Nanoclay_6% 0 0 32/(17) 
Extrusion Cost 67/(29) 66/(33) 54/(28) 
    
Average 230 200 190 
High (+)/Low (-) +6.4/-10 +64/-31 +50/-25 
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APPENDIX B: UNCERTAINTIES IN LIFE CYCLE GREENHOUSE GAS 
EMISSIONS FROM ADVANCED BIOMASS FEEDSTOCK LOGISTICS 
SUPPLY CHAINS IN KANSAS 
 
 
Supplemental Information for Chapter 3 
Uncertainties in Life Cycle Greenhouse Gas Emissions from Advanced Biomass 
Feedstock Logistics Supply Chains in Kansas 
B.1 Depot Capacity and Farm Biomass Supply Calculations 
A depot capacity is determined based on the feedstock supply ratio, which is derived 
by dividing the annual feedstock supply for each depot by the total annual feedstock 
supply for all the depots. Then, this ratio is multiplied to the constant annual 
biorefinery demands in order to derive the true supply feedstock of each depot. For 
example, in Scenario 1 (Equal Spatial Location), the total biomass input of all the 
depots within the 50-mile-radius is 1,442,900 DMT/year. The biomass input of depot 
1 (at Thomas) is 627,400 DMT, which is 43% of the net inputs. This percentage is then 
multiplied by the constant annual demands of the central biorefinery, 900,000 DMT in 
order to obtain the size of each depot. The final value was rounded to the 
nearest multiple of 5, depending on the transport distance. The calculations for the 
preprocessing depots are summarized in Tables B.1 and B.2. Equation 1 is used to 
calculate the capacity of the depots. 
 
DepotCapacity (DC) =  
The annual feedstock supply for each depot
The total feedstock supply of all depots
∗ 900000 (1) 
 
Each depot consists of several farms. Each farm has its own feedstock supply that 
contributes to the total feedstock supply of the depot. The feedstock supply ratio is 
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derived by dividing the feedstock supply for each farm by the total feedstock supply 
of all the farms for that depot within the 80 km (50 mile) radius. Since each depot has 
a limited capacity level, the ratio is then multiplied by the maximum capacity to obtain 
the true supply feedstock of each farm within the depot. The calculations for the farm 
feedstock supply can be found in SI Table S3 and S4. Equation 2 is used to calculate 
the true feedstock supply of the farms. 
 
FarmBiomassSupply
=  
The annual feedstock supply for each farm
The total feedstock supply of all the farms within the depot radius
∗ DC 
(2) 
 
 
Table B. 1: Depot Capacity derived based on the demand of the single biorefinery in Scenario 1. 
 
Depot 1 (Thomas) 
  
Farms (within 50 miles) DMT/year Feedstock Supply Ratio Depot Capacity within 900,000 
DMT biorefinery 
Thomas 337,200 
  
Sheridan 280,200 
  
Logan 10,000 
  
 
627,400 0.43 390,000 
Depot 2 (Cloud) 
  
Farms (within 50 miles) DMT/year 
  
Cloud 45,200 
  
Mitchell 20,300 
  
Republic 15,500 
  
Saline 3,300 
  
 
84,300 0.06 50000 
Depot 3 (Gray) 
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Farms (within 50 miles) DMT/year 
  
Finney 48,100 
  
Gray 98,900 
  
Hodgeman  7,200 
  
Haskell 22,600 
  
Ford 106,700 
  
Meade 154,800 
  
 
438,300 0.30 275000 
Depot 4 (Reno) 
  
Farms (within 50 miles) DMT/year 
  
Stafford 48,300 
  
Reno 47,600 
  
Rice 49,800 
  
McPherson 34,900 
  
Harvey 22,400 
  
Pratt 89,900 
  
 
292,900 0.20 185000 
    
Net Total 1442900 
  
 
Table B. 2: Depot Capacity derived based on the demand of the single biorefinery in Scenario 2. 
Depot 1 (Thomas) 
  
Farms (within 50 miles) DMT/year Feedstock 
Supply Ratio 
Depot Capacity based on 900,000 DMT 
biorefinery 
Thomas 337,200 
  
Sheridan 280,200 
  
Logan 10,000 
  
 
627,400 0.33 295,000 
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Depot 2 (Finney) 
  
Farms (within 50 miles) DMT/year 
  
Wichita 83400 
  
Scott 48100 
  
Lane 12,700 
  
Kearny 3,700 
  
Finney 48,100 
  
Haskell 22,600 
  
Grant 85,200 
  
Gray 98,900 
  
 
402,700 0.21 190,000 
    
Depot 3 (Meade) 
  
Farms (within 50 miles) DMT/year 
  
Seward 59,800 
  
Ford 106,700 
  
Meade 154,800 
  
Clark 300 
  
 
321,600 0.17 150,000 
    
Depot 4 (Stafford) 
  
Farms (within 50 miles) DMT/year 
  
Pawnee 68,700 
  
Barton 16,200 
  
Rice 48,800 
  
Edwards 134,000 
  
Stafford 48,300 
  
Kiowa 54,000 
  
Pratt 89,900 
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459,900 0.24 220,000 
Depot 5 (Cloud) 
  
Farms (within 50 miles) DMT/year 
  
Cloud 45,200 
  
Mitchell 20,300 
  
Republic 15,500 
  
Clay 16,500 
  
Saline 3,300 
  
 
100,800 0.05 45,000 
    
    
Net Total 1,912,400 
  
 
 
B.2 Feedstock Supply From Farm 
 
 
Table B. 3: Farm supply derived based on the feedstock demands of the preprocessing depot in Scenario 
1. 
Depot 1 (Thomas) 390,000 DMT/year 
 
Farms (within 50 
miles) 
DMT/ye
ar 
Feedstock Supply 
Ratio 
Farm Supply within depot, 390,000 
DMT/year 
Thomas 337,200 0.54 209608 
Sheridan 280,200 0.45 174176 
Logan 10,000 0.02 6216 
 
627,400 
  
Depot 2 (Cloud) 50,000 DMT/year 50,000 
Farms (within 50 
miles) 
DMT/ye
ar 
Feedstock Supply 
Ratio 
Farm Supply within depot, 50,000 
DMT/year 
Cloud 45,200 0.54 26809 
Mitchell 20,300 0.24 12040 
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Republic 15,500 0.18 9193 
Saline 3,300 0.04 1957 
 
84,300 
  
Depot 3 (Gray) 275,000 DMT/year 275,000 
Farms (within 50 
miles) 
DMT/ye
ar 
Feedstock Supply 
Ratio 
Farm Supply within depot, 275,000 
DMT/year 
Finney 48,100 0.11 30179 
Gray 98,900 0.23 62052 
Hodgeman  7,200 0.02 4517 
Haskell 22,600 0.05 14180 
Ford 106,700 0.24 66946 
Meade 154,800 0.35 97125 
 
438,300 
  
Depot 4 (Reno) 185,000 DMT/year 185,000 
Farms (within 50 
miles) 
DMT/ye
ar 
Feedstock Supply 
Ratio 
Farm Supply within depot, 185,000 
DMT/year 
Stafford 48,300 0.16 30507 
Reno 47,600 0.16 30065 
Rice 49,800 0.17 31454 
McPherson 34,900 0.12 22043 
Harvey 22,400 0.08 14148 
Pratt 89,900 0.31 56782 
 
292,900 
  
Net Total 1442900 
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Table B. 4: Farm supply derived based on the feedstock demands of the preprocessing depot in Scenario 
2. 
 
Depot 1 (Thomas) 295,000 
DMT/year 
 
Farms (within 50 
miles) 
DMT/year Feedstock Supply 
Ratio 
Farm Supply within depot,  295,000 
DMT/year 
Thomas 337,200 0.54 158,550 
Sheridan 280,200 0.45 131,748 
Logan 10,000 0.02 4,702 
 
627,400 
  
    
Depot 2 (Finney) 190,000 
DMT/year 
 
Farms (within 50 
miles) 
DMT/year Feedstock Supply 
Ratio 
Farm Supply within depot, 190,000 
DMT/year 
Wichita 83400 0.21 39,349 
Scott 48100 0.12 22,694 
Lane 12,700 0.03 5,992 
Kearny 3,700 0.01 1,746 
Finney 48,100 0.12 22,694 
Haskell 22,600 0.06 10,663 
Grant 85,200 0.21 40,199 
Gray 98,900 0.25 46,663 
 
402,700 
  
    
Depot 3 (Meade) 150,000 
DMT/year 
 
Farms (within 50 
miles) 
DMT/year Feedstock Supply 
Ratio 
Farm Supply within depot, 150,000 
DMT/year 
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Seward 59,800 0.19 27,892 
Ford 106,700 0.33 49,767 
Meade 154,800 0.48 72,201 
Clark 300 0.00 140 
 
321,600 
  
    
Depot 4 (Stafford) 220,000 
DMT/year 
 
Farms (within 50 
miles) 
DMT/year Feedstock Supply 
Ratio 
Farm Supply within depot, 220,000 
DMT/year 
Pawnee 68,700 0.15 32,864 
Barton 16,200 0.04 7,750 
Rice 48,800 0.11 23,344 
Edwards 134,000 0.29 64,101 
Stafford 48,300 0.11 23,105 
Kiowa 54,000 0.12 25,832 
Pratt 89,900 0.20 43,005 
 
459,900 
  
    
Depot 5 (Cloud) 45,000 
 
Farms (within 50 
miles) 
DMT/year Feedstock Supply 
Ratio 
Farm Supply within depot, 45,000 
DMT/year 
Cloud 45,200 0.45 20,179 
Mitchell 20,300 0.20 9,063 
Republic 15,500 0.15 6,920 
Clay 16,500 0.16 7,366 
Saline 3,300 0.03 1,473 
 
100,800 
  
Net Total 1,912,400 
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Table B. 5: Energy inputs for feedstock production. 
 
  Current Paper  Wang et al Larson et al Eranki et al 
  Energy 
Consumption 
(MJ/DMT) 
Assumptions  Energy 
Consumption 
(MJ/DMT) 
Assumptions Energy 
Consumption 
(MJ/DMT) 
Assumptions Energy 
Consumption 
(MJ/DMT) 
Assumptions 
Harvesting                 
Combine Harvesting (US 
electricity) 
118.7 Harvesting 3.4 short tonne of corn 
stover per acre. The inventory 
takes into account the diesel fuel 
consumption and the amount of 
agricultural machinery and of the 
shed, which has to be attributed to 
the harvesting by combined 
harvester. Also taken into 
consideration is the amount of 
emissions to the air from 
combustion and the emission to 
the soil from tyre abrasion during 
the work process 
--   --   --   
Twin Bar Rake with 180 HP Tractor 27.5 Raking 1.73 short tonne of corn 
stover per acre. The inventory 
takes into account the diesel fuel 
consumption and the amount of 
agricultural machinery and of the 
shed, which has to be attributed to 
the harvesting by combined 
harvester. Also taken into 
consideration is the amount of 
emissions to the air from 
combustion and the emission to 
the soil from tyre abrasion during 
the work process 
--   --   --   
Bailing 60.2 Baling 2.4 short tonne of stover 
per acre of land. Data are based on 
INL conventional biomass 
logistics desgin.  Assumes 175-hp 
tractor and PTO flail-shredder and 
windrower. Includes emissions 
from diesel combustion and 
infrastructure. Does not include 
--   --   --   
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emissions from tire abrasion and 
dust etc. 
SubTotal (Harvesting) 206.4   379 Fertilizer 
production and 
fossil fuel use for 
farming are 
significant GHG 
emission sources 
677.5 Harvesting 
corn stover 
involves 
mowing, 
raking into 
windrows, 
fiel-drying to 
15% moisture, 
and then 
square-bailing. 
Mowing 
occurs during 
harvest of the 
primary crop 
and shredding 
is required 
before raking. 
--   
                  
Collection                 
Self propelled stacker 41.3 Stacking 2.4 short tonne of corn 
stover per acre 
--   --       
                  
SubTotal (Collection) 41.3   219 The amount of 
nutrients lost with 
stover removal 
would be 
supplemented 
with synthetic 
fertilizers 
57 After baling, a 
Stinger 
Stacker 4400 
collects and 
piles bales at 
field edge for 
manual tarping 
with the help 
of a telescopic 
handler 
--   
Feedstock Production (Harvesting 
+ Collection) 
247.7   598   734.5   4274 Processing 
energy and 
emissions were 
obtained from 
the 
NREL/Dartmo
uth Aspen plus 
biorefinery 
model 
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Table B. 6: Unit operations and energy source of the preprocessing depot. 
 
Unit Processes Unit Number Energy Consumption  Energy Source 
Loading bale, gal/DMT 1 0.17 Diesel manufactured in the US 
Horizontal grinder, 
kWh/DMT 1 36.6 
Electricity generated in 
the US 
Dust collection, 
kWh/DMT 
1 0.17 Electricity generated in the US 
2 7.26 Electricity generated in the US 
3 0.46 Electricity generated in the US 
4 14.5 Electricity generated in the US 
Miscellaneous 
Equipment, kWh/DMT 
1 0.29 Electricity generated in the US 
4 0.29 Electricity generated in the US 
Conveyor system, 
kWh/DMT 
1 0.58 Electricity generated in the US 
2 0.29 Electricity generated in the US 
3 0.29 Electricity generated in the US 
 
B.3 Monte Carlo Simulation 
 
 
Table B. 7: Input data and distribution function type for the Monte Carlo Simulation. All units in g 
CO2e/MJ ethanol. 
 
Scenario 1 19 
counties 
      
  Minimum Avera
ge 
Maxim
um 
Distribution Function 
Type 
Feedstock harvest, collection 
and storage 
0.013 0.32 1.41 lognormal a 
Transport From Field 0.089 0.20 0.96 lognormal a 
Preprocessing Depot 0.04 1.00 4.54 lognormal a 
Transport From Depots 0.09 2.00 9.62 lognormal a 
          
Scenario 2 27 
counties 
      
  Minimum Avera
ge 
Maxim
um 
Distribution Function 
Type 
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Feedstock harvest, collection 
and storage 
0.0009 0.22 1.07 lognormal b 
Transport From Field 0.0006 0.15 0.72 lognormal b 
Preprocessing Depot 0.003 0.72 3.44 lognormal b 
Transport From Depots 0.006 1.50 7.28 lognormal b 
a Selected among 11 distribution function types by Oracle Crystal Ball statistical software, with 
maximization of goodness-of-fit method to the data compiled from 19 farms. 
b Selected among 11 distribution function types by Oracle Crystal Ball statistical software, with 
maximization of goodness-of-fit method to the data compiled from 4 depots. 
c Selected among 11 distribution function types by Oracle Crystal Ball statistical software, with 
maximization of goodness-of-fit method to the data compiled from 27 farms. 
d Selected among 11 distribution function types by Oracle Crystal Ball statistical software, with 
maximization of goodness-of-fit method to the data compiled from 5 depots. 
 
 
Table B. 8:  Results of the Monte Carlo Simulation presenting the life cycle GHG emissions for 1000 
trials of uncertainty analysis 
Impact 
Category Unit Scenario 
Me
an  
Med
ian 
S
D 
Coefficient of 
Variation 
5
% 
95
% 
Std. err. 
Of mean 
IPCC GWP 
100 years 
g 
CO2/
MJ 1 
1. Equal 
Region 
26.
11 
24.9
6 
5.
09 0.19 
22.
53 
34.
81 0.16 
    
2. 
Biomass 
Weighted 
and 
Transport 
Distance 
25.
17 
24.3
2 
2.
96 0.11 
22.
44 
32.
38 0.09 
1 The GHG emission is converted from kg CO2 / Dry Metric Ton. The unit conversion from kgCO2 
e/DMT to gCO2 e/MJ ethanol is 3.54 X 10-4.  
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Figure B. 1: Map of Kansas presenting the distribution and density of corn stover supply by county. The 
biorefinery is located at the centroid of Reno county (red frame). 
 
 
 
 
Figure B. 2: Histogram representing life cycle GHG emissions within 90% confidence interval in 
Scenario 1. 
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Figure B. 3: Histogram representing life cycle GHG emissions within 90% confidence interval in 
Scenario 2. 
 
  
B.4 Matlab Code Description 
The energy consumption output data from BLM were presented in an excel 
spreadsheet. The database of four processes in the bio-ethanol supply chain was 
exported to the excel files from SimaPro v.7.3.3. Processes are ranked from 1 to 4, 
which represent the order of four processes in the supply chain: (1) Harvest (2) transport 
from field (3) preprocessing depot, and (4) transport from depot. A Matlab script, 
namely Readcode.m is used to access the values from the BLM output. These values 
are corresponding to the parameters in SimaPro spreadsheet for each unit process. A 
Matlab function, autoGenCells.m, was written in order to replace the values in the 
SimaPro spreadsheet with the corresponding values from the BLM output. Then, the 
function multiplies these values to the GHG emission of each sub-process (i.e. 
electricity, diesel etc.), which was generated by the SimaPro 7.3.3. Finally, the function 
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sums the GHG emission of all sub-processes in order to calculate the GHG emission of 
the process. 
 
1.1 Readcode.m 
 
B.5 Paired-Samples T-test 
 
 
Paired Samples Statistics 
 Mea
n 
N Std. 
Deviatio
n 
Std. 
Error 
Mea
n 
Pair 1 Scenario1_Tota
l 
31.46 100
0 
5.12 .16 
Scenario2_Tota
l 
27.96 100
0 
3.16 .10 
 
Paird Samples Test 
Mean   3.5 
Std. Deviation   1.95 
Std. Error Mean   0.06 
90% Confidence Interval of the 
Difference 
Lower 3.4 
Upper 3.6 
t   56.65 
df   999 
Sig. (2-tailed)   0 
 
Null Hypothesis: µGHG emissions, scenario 1 = µGHG emissions, scenario 2 
Alternative Hypothesis: µGHG emissions, scenario 1 ≠ µGHG emissions, scenario 2 
This is a two-tailed test with α = 0.1 (90% Confidence Interval). The two-tailed p 
value is less than 0.001. In order to reject the null hypothesis, the p-value has to be 
less than alpha. In this analysis, p-value < α and thus rejecting the null hypothesis. 
Therefore, the results imply that the mean values of two scenarios are statistically 
different. 
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APPENDIX C: EVALUATING UNCERTAINTY IN ENVIRONMENTAL AND 
ECONOMIC ASSESSMENT FOR HIGH DENSITY POLYETHYLENE AND 
ALTERNATIVES IN DRAINAGE PIPE APPLICATIONS 
 
 
Supplemental Information for Chapter 4 
Evaluating  uncertainty in environmental and economical assessment for high density 
polyethylene and alternatives in drainage pipe applications 
C.1 Service Lifetime Prediction 
C.1.1 Notched Constant Ligament-Stress (NCLS) 
The type V dumbbell-shape specimens, whose dimensions are 3.175 mm wide (W) 
x 2 mm thick (t) x 63.5 mm long (L) were prepared for the SCR test. This test was used 
to measure the failure time of the samples at a specified stress level and temperature. 
The experimental procedure consists of two activities: notching the tested specimens 
and testing in the distilled water at elevated temperature. Each specimen was notched 
by a razor blade before the test and the notch depth is approximately 20% of the 
specimen thickness. The notch was carefully created on one side of the surface while 
maintaining the intact condition of 80% of the remaining nominal thickness. 
The notched specimens were loaded on a lever loading machine. The loads were 
calculated by equation (C.1): 
Load (grams) = ୗ∗(୘ିୟ)∗୛
[(ெ஺)∗(ଽ.଼ଵ)]
∗  1000 − CF
MA
   (C.1) 
a = notch depth, in 
MA = mechanical advantage of the apparatus (equipment dependent) 
W = specimen width, in 
T = specimen thickness, in 
S = constant ligament stress, psi 
CF = correction factor for the arm weight 
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The specimens were immersed into the distilled water at two different elevated 
temperatures (70 and 80 °C) to accelerate the stress cracking failure. Each specimen 
was subjected to a constant load and the failure time was automatically recorded when 
the specimen completely failed.  
C.1.2 Rate Process Method (RPM) 
 Based on Arrhenious’s theory, the mechanism of the reaction rate is the reciprocal 
of absolute temperature. This theory assumed that the range of temperature would not 
impact the structure of the material [76]. Arrhenious’s equation is expressed below: 
k = koe-E/RT (C.2) 
Or 
ln (k) = ln (ko) – E/RT (C.3) 
k = kinetic rate constant 
ko = pre-exponential kinetic rate constant 
E = apparent activation energy 
R = universal gas constant (8.314 J/mole) 
T = absolute temperature, ºC 
  
From equation (C.3), a relationship between temperature (T) and failure time (t) can 
be established as: 
Log (t) = A + 
୆
୘
 (C.4) 
 It has also been found that failure time and applied stress have a linear relationship 
on log-log axis, which results in the following linear equation: 
Log (t) = A + B. log (σ) (C.5) 
t = corresponding failure time, hour(s) 
σ = applied stress, psi 
 By merging equations (C.4) and (C.5), a rate processing method (RPM) model was 
derived. This equation was initially introduced by Bragaw [270].  
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Log (t) = A + 
୆
୘
 + 
େ.୪୭୥ (஢)
୘
 (C.6) 
A, B, C = constants 
 Equation (C.6) could be developed with more constants than three. However, Jingyu 
[76] and PPI [77] indicated that the model uncertainty increases with the number of 
constants. The three coefficient model was believed to provide as good fitting as those 
with more constants. As a result, the model with three constants was used in this work. 
The Matlab software was incorporated to calculate the constant values by solving the 
in-deterministic equations [194]. Then, these constants were used to extrapolate and 
estimate the service lifetime of tested pipe materials (at 95% confident). 
 Once the A, B and C coefficients are calculated, the RPM equation can be used for 
various performance projections. In our case, we are going to project the mean failure 
time of the materials at 23 ºC and an average hoop stress of 500 psi. It is also important 
to understand that the RPM projections can be subject to various experimental errors, 
unknown deviations and judgement factors. Then, the lower confidence limit of the 
predicted hydrostatic strength (σLPL), which represents 95% lower confidence limit of 
the predicted strength, is calculated based on the below equation: 
log (σLPL) =  
−ߚ ± ඥߚଶ − 4ߛߙ
2ߙ
(C. 7) 
α = (C/T)² - tSt² s² K44/T² 
β = 2 (A + B/T - log10(t)) (C/T) - 2 tSt² s² (K41/T + K42/T²) 
γ = (A + B/T - log10(t))² - tSt² s² (K11 + 2 K21/T + K22/T²+ 1) 
Kij = element of indices i,j of the matrix (XTX)-1 
The value of σLPL is calculated from the following equation: 
σLPL = 10 exp (log10 (σLPL)) (C.8) 
 Computing calculated A, B, C, desired temperature and σLPL into equation (C.8), 
the service lifetime “t” can be determined. 
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Table C. 1: Failure time of 2% wt., 4% wt. and 6% wt. nanocomposite and RPM results. 
 
25% Pristine HDPE + 75% 
PCR + 2% nanoclay 
25% Pristine HDPE + 75% 
PCR + 4% nanoclay 
25% Pristine HDPE + 75% PCR 
+ 6% nanoclay 
(PR2575-2%) (PR2575-4%) (PR2575-6%) 
Temp 
˚C 
Stress 
(psi) Time (h) 
Temp 
˚C 
Stress 
(psi) Time (h) 
Temp 
˚C 
Stress 
(psi) Time (h) 
80 250 27.6 80 250 37.6 80 250 33.6 
80 250 29.4 80 250 43.7 80 250 28.2 
80 250 42.7 80 250 46.2 80 250 32.9 
80 250 27.9 80 250 43.7 80 250 31.2 
80 250 31.9 80 250 47.3 80 250 31.48 
                  
80 220 63.6 80 220 72.9 80 220 125 
80 220 63.4 80 220 73.3 80 220 69.3 
80 220 59.6 80 220 71.8 80 220 71.08 
80 220 61 80 220 71.4 80 220 63.7 
80 220 70.4 80 220 72.35 80 220 26 
                  
70 250 111.8 70 250 133.4 70 250 222.6 
70 250 133.9 70 250 263.4 70 250 216.8 
70 250 202.1 70 250 258.34 70 250 169.5 
70 250 128.6 70 250 257 70 250 110.4 
70 250 336 70 250 296.9 70 250 179.83 
                  
Predicted Service Lifetime based on RPM 
PR257
5-2% 
1,259 
hours               
PR257
5-4% 
7,568 
hours               
PR257
5-6% 
1,778 
hours               
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Table C. 2: Failure time of recycled blends at 4% wt. nanoclay. 
 
25% Pristine HDPE + 75% 
PCR + 4% nanoclay 
50% Pristine HDPE + 50% 
PCR + 4% nanoclay 
75% Pristine HDPE + 25% 
PCR + 4% nanoclay 
(PR2575-4%) (PR5050-4%) (PR7525-6%) 
Temp  
˚C 
Stress 
(psi) 
Time 
(h) 
Temp  
˚C 
Stress 
(psi) 
Time 
(h) 
Temp  
˚C 
Stress 
(psi) 
Time 
(h) 
80 250 37.6 80 350 44 80 500 9.8 
80 250 43.7 80 350 40.7 80 500 8.2 
80 250 46.2 80 350 33.5 80 500 6.1 
80 250 43.7 80 350 65.7 80 500 4.3 
80 250 47.3 80 350 55.2 80 500 51.3 
                  
80 220 72.9 80 250 531 80 450 54.6 
80 220 73.3 80 250 278.4 80 450 78.2 
80 220 71.8 80 250 590.1 80 450 14.3 
80 220 71.4 80 250 347 80 450 43.4 
80 220 72.35 80 250 234 80 450 46 
                  
70 250 133.4 70 350 481 70 500 347 
70 250 263.4 70 350 580 70 500 274 
70 250 258.3
4 
70 350 500 70 500 318 
70 250 257 70 350 578 70 500 254 
70 250 296.9 70 350 500 70 500 196 
                  
Predicted Service Lifetime based on RPM 
PR2575
-4% 
7,568 hours             
PR5050
-4% 
3,152,637 hour
s 
360 
years  
          
PR7525
-4% 
79,172,152 hours             
 
 
 
C.2 Product Mass Estimation 
 The mass of a product importantly influences life cycle energy consumption and 
production costs [68-70]. With the introduction of alternative materials having unique 
material properties for a given product system, the mass of a new product is expected 
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to vary. Thus, product mass can be used to compare different material properties 
because the mass of the material can be reduced while maintain the required mechanical 
design properties for a given application.  For examples, Roes et al. [68] and Schrijvers 
et al. [70] evaluated the mass reduction when substituting nanocomposite for 
conventional polymers in agricultural films. Lloyds et al. [69] estimated the mass 
change of an automotive panel when replacing steel with aluminum and polypropylene 
nanocomposite.  In our study, a corrugated pipe made from pristine HDPE is replaced 
by pristine HDPE blended with nanoclay and recycled HDPE or by recycled HDPE, 
which can result in pipe mass changes.  Roes et al. [68], Shrivijers et al. [70] and Lloyds 
et al. [69] incorporated physical properties of materials along with functional unit 
definitions described in the ISO standards [95] to determine product mass changes that 
affect reference flows among plastic alternatives . These studies defined the material 
indices based on required performance properties of a specific product function (i.e. 
panel, column, plate etc.) which relates to the strength or stiffness properties of a 
material [107]. The material indices from the mentioned studies are based on three 
parameters a) Young’s modulus (E) - which describes the resistance to deformation; b) 
tensile strength (σ) - which describes the resistance to breaking; and c) density (ρ) – 
which describes the mass property. These mechanical properties are not applicable to 
the main purpose of this chapter because a long-lived pipe requires an efficient 
resistance to stress cracking over a 50-year service life. This resistance is governed by 
the fracture energy of the material [35]. Therefore, the fracture energy was used in this 
chapter and this property was determined by the essential work of fracture (EWF) 
model described in Na et al. [75]. Na’s study also indicated that the mechanical 
properties of semi-crystalline polymer are generally governed by crystallinity. 
Therefore, crystallinity was used in our study rather than density. 
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 The mass calculations began with the material index parameter (M) which is the 
ratio of fracture energy and crystallinity, which were adopted from Na et al [108]. This 
index was then used to calculate the change in mass of pipe made from different 
materials. As the material index increases, the quantity of material, which is required to 
fulfill the same performance, reduces. The change in mass was calculated based on 
equation (C.9): 
Changes in Mass (%) =  ቎
୊୰ୟୡ୲୳୰ୣ ୉୬ୣ୰୥୷
େ୰୷ୱ୲ୟ୪୪୧୬୧୲୷
 [Conventional]
୊୰ୟୡ୲୳୰ୣ ୉୬ୣ୰୥୷
େ୰୷ୱ୲ୟ୪୪୧୬୧୲୷
 [Alternative]
− 1቏  ܺ 100         (C. 9) 
    Applying the mass percentage change to the functional units based on pristine HDPE 
pipe, which is 103 kg, yields the mass of the products made with HDPE/PCR and 
nanoclay HDPE/PCR. Using Equation (C.9), at the midpoint estimate, the mass of 20-
foot HDPE/PCR and nanoclay HDPE/PCR pipes are 93.2% and 171% higher than 
pristine HDPE pipe, respectively. Table C. 3 summarizes the decrease in fracture 
energy when PCR-HDPE and nanoclay are used. This decrease reduces the material 
indices of HDPE/PCR and nanoclay HDPE/PCR and thus increases the material used 
[68]. 
 
Table C. 3: Estimated Mass Reduction based on material index. 
Material Crystallinity (%) 
Fracture 
Energy (KJ/m2) 
Material 
Index               
(M) 
Pipe 
mass 
reduction 
(%) 
Mass of 
20-ft pipe  
(kg) 
Pristine 
HDPE 67.2 ± 1.3
1 7.51 ± 5.331 0.112 ± 0.079 -- 103 
HDPE/PCR 68.8 ± 0.31  3.98 ± 1.311 0.058 ± 0.019 
93.2 + 52 
93.2 - 108 
199 + 53 
199-112 
Nanoclay 
HDPE/PCR 67.9 ± 1.1
1 2.80 ± 1.131 0.041 ± 0.016 
171 + 58 
171 - 139 
279 + 60 
279 – 143 
 
1 Na et al. 2015 [75, 108] 
C.3 Stochastic Analysis 
C.3.1 Monte Carlo Simulation 
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The Monte Carlo simulation propagates known parameter uncertainties into an 
uncertainty distribution of the outcomes. To perform the Monte Carlo simulation, each 
uncertain input parameter has to be specified as an uncertainty distribution. When 
literature sources contain multiple estimates for a single parameter, maximum log-
likelihood estimate (MLE) can be used to find the best fitting distribution (shown in 
Figure C. 1). If only a range is available, then a uniform distribution is assumed. In case 
a distribution can’t be determines, a bootstrapping method is employed to obtain the 
distribution directly from the data. This method is described in section C.3.2. 
 
 
 
 
Figure C. 1: Simple distributions used to capture the multiple estimates from literature for a single 
parameter. Note that mode (row) is the parameter in Rayleigh distribution function; Mean (lamda) is the 
parameter in Poisson distribution function; Standard deviation (row) and mean (row) are the parameter 
in Log-Normal distribution function.  
 
 
 
C.3.2 Non-parametric Bootstrapping Method (NPB) 
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This method is used when MLE is inapplicable. Consider the problem of estimating 
the uncertainty of a single parameter P (which is estimated by multiple resources). The 
estimated values (from model and scenario uncertainty) generate an empirical cdf Fn. 
In the case that the distribution Fn is completely unknown, the idea of the non-
parametric bootstrapping is to simulate data from the empirical cdf Fn. Here Fn is a 
discrete probability distribution that gives probability 1/n to each observed estimate 
p1,…,pn. A sample of size n from Fn is thus a sample of size n drawn with replacement 
from the collection p1,…,pn. Below are the steps in the bootstrap procedure below.  
 Step 1: Construct an empirical probability distribution, Fn, from the sample by 
placing a probability of 1/n at each point, x1…xn of the sample. This is the 
nonparametric maximum likelihood estimate of the population distribution, F. 
 Step 2: From the empirical distribution function, Fn, draw a random sample of 
size n with replacement. This step is called resample. 
 Step 3: Calculate the statistic of interest, Tn, for this resample, yielding T*n 
 Step 4: Repeat steps 2 and 3 B times, where B is a large number (1000), in order 
to create B resamples. 
 Step 5: Construct the relative frequency histogram from the B number of T*n. 
The distribution obtained is the bootstrapped estimate of the sampling 
distribution of Tn. 
 Step 6: Estimate the confidence interval, mean and standard deviate from 
resampling distribution. 
 
 
 
Table C. 4: Summary of key data sources. Details on the stochastic (probability) distributions employed 
are presented in the SI. (P) represents parameter uncertainty and (S) represents scenario uncertainty. For 
scenario uncertainty, non-parametric bootstrapping method was used to generate the 95% confidence 
interval.  
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HDPE PCR-HDPE Nanoclay Bio-HDPE Pipe Fabrication, in-
use & EOL 
Produc
tion 
Stages 
Uncert
ainty  
Produc
tion 
Stages 
Uncert
ainty  
Produc
tion 
Stages 
Uncert
ainty  
Produc
tion 
Stages 
Uncert
ainty  
Production 
Stages 
Uncert
ainty  
Natural 
gas 
extracti
on1 
S Collecti
ng 
P Bentoni
te 
extracti
on 
P Harvest
, 
collecti
on and 
storage 
P Pipe 
fabricating 
P 
Transpo
rtation 
by 
pipeline
2 
S Sorting P Transpo
rtation 
by 
truck7 
P Transp
ort 
from 
fields 
(truck) 8 
P Transport by 
truck11 
P 
Natural 
gas 
processi
ng 
P Compac
ting and 
bailing 
P Water 
Dispersi
on 
P Preproc
essing 
depot 
P Use of pipes P 
Transpo
rtation 
by 
pipeline
3 
P Transpo
rtation 
by 
truck6 
P Centrifu
ge 
Purifica
tion 
P Transp
ort 
from 
depot 
(train) 9 
P Demolition/re
placement 
P 
Ethylen
e 
producti
on 
P Grindin
g 
P Organic 
Modific
ation 
P Ethanol 
Product
ion 
P Disposing 
and 
recycling12 
S 
Transpo
rt by 
pipline4 
P Washin
g 
P Dewater
ing 
P Transp
ort by 
train10 
P 
 
  
Polyeth
ylene 
producti
on5 
S Pelletiz
ation 
P Extrudi
ng 
P Ethylen
e 
Product
ion 
P 
 
  
        Pelletiz
ation 
P Polyeth
ylene 
product
ion 
 S     
 
1 Feedstock for HDPE are crude oil, natural gas and shale gas. 
2,3,4,6,7,8,9,10,11 Transportation emissions = transportation distance * Transport factor (varied by transport 
mode). 
5 Polymerization has two methods: slurry phase and gas phase polymerization. 
12 Recycling methods are divided into several techniques: mechanical recycling, waste incineration, 
landfill. 
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C.4 Life Cycle Assessment: Model and Parameters 
C.4.1 Fossil polymer model (pristine HDPE)  
 The feedstock material for HDPE can be crude oil and natural gas [68, 111]. In the 
U.S, Texas produced 35% of the crude oil in the U.S and became the largest crude oil 
supplier in 2013 [133]. In addition to the domestic resources, the U.S also imported 
crude oil/natural gas from many countries from around the world such as Canada, 
Mexico, Qatar, Iraq, etc. According to the U.S Energy Information Administration, 
Canada is the U.S largest importer of crude oil and natural gas  [134, 271]. Therefore, 
Alberta (Canada) and Baytown (Texas) were selected as the natural gas/crude oil bays 
in this study. Our analysis assumed crude oil and natural gas were transported by 
pipeline between the chemical facilities within the state of Texas. For the crude oil 
imported from Canada, Frittelli et al. [135] stated that rail transportation of crude oil 
from Canada increased more than 20-fold since 2011. As a result, crude oil was 
transported by train from the Canadian crude oil bays to the Exxon Mobile oil refinery 
located at Baytown (Texas) in order to separate naptha whereas natural gas was 
transported by pipeline from well to refinery to separate ethane. Ethane and Naptha 
were then converted to light olefins such as ethylene, propylene and other products at a 
nearby petrochemical complex[136]. The petrochemical facilities of ExxonMobilTM are 
assumed to locate 60-300 miles (100-500 km) from the ExxonMobilTM oil refinery 
(Baytown, Texas) [137]. At a steam cracker unit of the petrochemical complex, ethane 
and naptha were cracked into ethylene by the steam cracking method [136]. Then, 
ethylene entered the ExxonMobilTM polymerization plant by pipeline. The 
polymerization plant normally stays within the petrochemical complex. As such, the 
transport distance by pipeline was neglected in our study. At the polymerization plants, 
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ethylene was compressed, cooled and converted to high density polyethylene (HDPE) 
at the reactors [138]. There are two common types of polymerization techniques: (1) 
slurry phase polymerization in which ethylene is polymerized in solution with the 
addition of Phillips Cr/Silica catalyst [139, 140]. This process requires temperatures of 
85-110°C and pressures of 30-45 bar [141], and (2) gas phase polymerization in which 
ethylene is in gaseous state during polymerization [80]. The gas phase polymerization, 
which was the most widely licensed and used polyethylene process in the world, 
requires the operating temperatures of 70-115°C, pressures of 20-30 bar and the 
trimethylaluminum-silica catalyst [142]. After polymerization, appropriate amounts of 
antioxidants and stabilizers were added to the polymer puff for palletization to be 
shipped by train to the pipe production sites, which is located in Swedesboro, New 
Jersey.  
 
 
Table C. 5: Summary of key parameters for HDPE production via natural gas and crude oil 
 
 Greenhouse Gas Emissions [kgCO2e/kg] Energy Consumption [MJ/kg] 
Stages Fitting 
Tools 
Value Distribution Types Fitting 
Tools 
Value Distribution 
Types 
Feedstock 
Production 
   
   
Crude oil 
extraction 
Point 
estimate 
0.326 
 
Point 
estimate 
46.3  
Natural gas 
extraction 
MLE 0.17 Exponential (14.76) Point 
estimate 
1.93  
Transport by 
pipelines 
Point 
estimate 
0.00000
52 
 
Point 
estimate 
0.0000
83 
 
Transport 
distance 
Assumption 2000 Uniform (100,4000) Assumpt
ion 
2000 Uniform 
(100,4000) 
Oil refining Point 
estimate 
0.47 
 
Point 
estimate 
7.5  
Natural gas 
processing 
NBP 0.28 Beta(0.08,0.46,14.25,
8.76) 
Assumpt
ion 
2.3 Uniform (2,2.61) 
Ethylene 
Production 
   
   
Ethane 
cracking 
Crystall Ball 2.07 Weibull(0.58,0.32,3.0
5) 
MC 17.54 Lognormal(17.55
,6.31) 
Transport by 
pipelines 
Point 
estimate 
0.00000
52 
 
Point 
estimate 
0.0000
83 
 
Transport 
distance 
Assumption 250 Uniform (100,500)  250 Uniform 
(100,500) 
Polymer 
Production 
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Polymerization Assumption 0.43 Triangular(0.00039,0.
85,0.5) 
Assumpt
ion 
4.71 Triangle(3.2,5.5,5
.4) 
Additives 
   
   
Antioxidant Point 
estimate 
0.81 
 
Point 
estimate 
49.7  
% Antioxidant Point 
estimate 
0.001 
 
Point 
estimate 
0.001  
 
 
Pelletization Assumption 1.31 Uniform(0.48,2.13)  4.8 Uniform(3.2,6.4) 
5th percentile 
 
2.33 
 
 32.49  
Mean 
 
3.14 
 
 41.07  
95th percentile 
 
3.98 
 
 52.31  
 
 
 
C.4.2 Recycled polymer model (PCR-HDPE) 
Postconsumer HDPE was collected and separated with other post-consumer waste 
and plastics at material recovery facilities (MRFs). According to the internal 
information from Envision Plastics, the average traveling distance of incoming 
materials was estimated to be 100-500 miles (160-800 km). MRFs were classified into 
single-stream and dual stream MRFs. Single-stream MRFs process only one type of 
material, which is either fiber (paper and paperboard) or non-fiber (all other materials) 
[91]. Dual stream MRFs separate glass, plastic and metal out from the non-fiber 
materials. The sorting operations can range from manual sorting to highly mechanical 
systems, which use magnets, air classifiers, optical sorters etc. [126]. MRF technology 
levels for non-fiber lines were classified into four levels, which are described in Nguyen 
et al. [206]. According to Government Advisory Associates, 49% of the MRFs have 
level 3 sorting technology [144]. The process energy data for the level 3 sorting 
technology was obtained from the Franklin Associate HDPE postconsumer report [91]. 
After plastics were sorted, postconsumer plastics were bailed and transported by truck 
to the plastic recovery facility (PRF), namely Envision Plastics. According to Envision 
Plastics, the mixed plastic bales were collected from MRFs across the U.S. The farthest 
and nearest MRFs from Envision Plastics are located in California (2600 miles (4200 
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km)) and North Carolina (100 miles (160 km)), respectively. At PRF, mixed plastic 
bales were broken and sorted into Polyethylene (PE) and other plastics. Then, PE was 
reprocessed, which includes grinding, washing and pelletizing. The PCR-HDPE pellets 
were then transported by train to the pipe production site located in Swedesboro, New 
Jersey.  
 
 
Table C. 6: Summary of key parameters for mechanically recycling HDPE 
 
 Greenhouse Gas Emissions [kgCO2e/kg] Energy Consumption [MJ/kg] 
Stages Fitting 
Tools 
Value Distribution Types Fitting 
Tools 
Valu
e 
Distribution 
Types 
Feedstock 
Production 
   
   
Trash 
Collection 
Assumption 0.0000
65 
 
Point 
estimate 
0.000
91 
 
Collection 
radius (truck) 
 
250 Uniform(100,500) Assumpt
ion 
250 Uniform(100,5
00) 
Sorting at 
MRFs 
Assumption 0.04 Triangular 
(0.00003,0.12,0.00007) 
Assumpt
ion 
0.28 Uniform(0.17,0
.39) 
Compacting & 
Bailing 
Point 
estimate 
0.028 
 
Point 
estimate 
0.18  
Transportation 
by truck 
Point 
estimate 
0.0000
65 
 
Point 
estimate 
0.000
91 
 
Transport 
distance 
Assumption 2000 Uniform (160,4200) Assumpt
ion 
2000 Uniform 
(160,4200) 
Recycling at 
MRFS 
   
   
Sorting Point 
estimate 
0.12 
 
Point 
estimate 
0.41  
Reprocessing Assumption 0.073 Triangular 
(0.0000003,0.29,0.0007) 
Assumpt
ion 
3.72 Triangle(1.46,5
.84,4) 
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Additives 
   
   
Antioxidant Point 
estimate 
0.81 
 
Point 
estimate 
49.7  
% Antioxidant Point 
estimate 
0.001 
 
Point 
estimate 
0.001  
Pelletization Assumption 1.31 Uniform(0.48,2.13)  4.8 Uniform(3.2,6.
4) 
5th percentile 
 
1.99 
 
 21.92  
Mean 
 
2.59 
 
 26.60  
95th percentile 
 
3.20 
 
 32.22  
 
 
 
C.4.3 Nanoclay model 
The nanoclay material, Nanomer® 1.44P, was provided in the form of a master batch 
by Nanocor. Nanoclay production begins with the raw clay (Sodium Bentonite (Na-
Bentonite)) ready to be shipped by train from the based clays (Wyoming) to the 
nanoclay manufacturing plants in Mississippi (1,600 miles (2580 km). Montmorillonite 
(MMT), which is the major constituent of  Na-Bentonite, is used to produce nanoclays 
[49]. MMT belongs to the smectite group of clay, which consists of two tetrahedral 
sheets with sodium cations (1 nm apart) and one edge-shared octahedral sheet with 
aluminum hydroxide [145], which are held together by Van der Waals forces. As 
indicated in prior studies [49, 145], the purity of the clay can affect the final 
nanocomposite properties. Therefore, the centrifugation technique is used to eliminate 
as many impurities as possible such as amorphouse silica, calcite, kaolin etc [49]. One 
important consequence of the charged nature of the MMT is that it is highly hydrophilic, 
which is incompatible with polyethylene. This results in the replacement of sodium 
cations by organic cations, namely dimethyle-dehydrogenated tallow ammonium, in the 
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“organic modification” process before synthesizing polymer/clay nanocomposites [51, 
145]. The cation replacement  transforms the surface properties of clay layers from 
hydrophilic to organophilic, which is compatible with HDPE matrix. In addtion, the 
interlayer space is widened, which enables polymer chains to migrate between the clay 
layers more easily. There are three methods for manufacturing polymer clay 
nanocomposites (1) in-situ polymerization, in which a polymer precursor is inserted in 
between clay layers. The layered silicate platelets are expanded into the matrix by 
polymerization; (2) solution exfoliation, in which clays are swelled and dispersed into 
a polymer solution by solvent, and (3) melt intercalation, a procedure that applies 
intercalation and exfoliation of layered silicates in polymeric matrices during melting. 
Zeng et al. [146] stated that the most economically viable and straightforward approach 
is the melt intercalation method. While the blending is taking place in a twin screw 
extruder, a commonly used compatibilizer, maleic hydride modified polymers (MAP), 
is added to promote complete nanoclay dispersion. Finally, the master-batch product is 
dried and then pelletized. The master-batch product, which is provided by Nanocor, 
contains 50% nanoclay and 50% HDPE carrier resin [94]. The nanoclay pellets were 
then transported by train to the pipe production site located in Swedesboro, New Jersey. 
 
 
Table C. 7: Summary of key parameters for producing nanoclay. 
  
Greenhouse Gas Emissions [kgCO2e/kg] Energy Consumption [MJ/kg] 
Stages Fitting 
Tools 
Value Distribution 
Types 
Fitting 
Tools 
Valu
e 
Distribution 
Types 
Feedstock 
Production 
   
   
Bentonite extraction Assumption 2.82 
 
Assumption 2.47 Triangle(1.9,3.1,
2.4) 
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% Bentonite 
 
0.84 Uniform(0.68,1.1)  0.84 Uniform(0.68,1.
1) 
Transport by truck Point 
estimate 
0.000
065 
 
Point 
estimate 
0.000
91 
 
Transport distance Assumption 2035 Uniform(1820,225
0) 
 2035 Uniform(1820,2
250) 
Nanoclay 
Production 
   
   
Water Dispersion NPB 0.06 Beta(-
0.01,0.18,3.74,6.4
2) 
Assumption 0.22 Triangle(0.07,0.
62,0.08) 
Centrifuge 
Purification 
Assumption 0.05 Triangular 
(0.039,0.062,0.04
8) 
Assumption 0.22 Triangle(0.12,0.
3,0.2) 
Organic 
Modification 
(electricity) 
NPB 3.03 Beta(2.16,4.27,6.1
3,8.59) 
Assumption 18.48 Triangle(14.7,24
.7,17) 
Dewatering/Drying 
(fuel) 
Assumption 0.07 Uniform 
(0.028,0.033) 
Point 
estimate 
0.1 0.1 
Dewatering/Drying 
(electricity) 
NPB 0.04 Beta(0.01,0.09,18.
04,33.43) 
Assumption 0.22 Triangle(0.16,0.
26,0.2) 
Milling (electricity) NPB 0.05 Weibull(0.03,3.2,
0.02) 
Assumption 0.33 Triangle(0.07,0.
52,0.4) 
Addtivies 
   
   
Dimethyl 
dehydrogenated 
tallow 
Point 
estimate 
0.93 
 
Point 
estimate 
10.8  
% Tallow Point 
estimate 
0.35 
 
 0.35  
Maleic Anhydrid 
(Compatibilizer) 
Point 
estimate 
6.41 
 
Point 
estimate 
40.6  
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% Compatibilizer Point 
estimate 
0.001 
 
 0.001  
Pristine HDPE 
(average) 
MC 3.38 Beta(2.15,4.53,2.2
2845,2.07244) 
 41.07  
% Pristine Point 
estimate 
0.5 
 
 0.5  
% MMT Point 
estimate 
0.5 
 
 0.5  
Masterbatch  
(50% PE + 50% 
MMT) 
 
     
5th percentile 
 
3.88 
 
 27.94  
Mean 
 
4.63 
 
 33.18  
95th percentile 
 
5.40 
 
 40.13  
 
 
 
C.4.4 Bio-HDPE model 
The biomass feedstock of bio-HDPE in our work is corn stover. This biomass is 
harvested, stored and converted to ethanol, which is then dehydrated to ethylene. 
Nguyen et al. [106] investigated the advanced commodity supply chain of 
lignocellulosic from corn stover. The system boundary for the full life cycle of corn 
stover-to-ethanol consists of: (1) feedstock production (i.e., crop production including 
nutrient replacement and soil GHG emissions); (2) feedstock harvest, collection and 
storage; (3) feedstock transport from field to biomass preprocessing depot; (4) 
preprocessing depot operations; (5) commodity transport from biomass preprocessing 
depot to biorefinery; (6) biofuel conversion at the biorefinery; (7) ethanol transport, 
distribution and blending; (8) dehydration to ethylene and (9) polymerization. Another 
study by Posen et al. [53] evaluated the energy and emissions for the conversion of corn to 
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polyethyelene. His work includes the energy and electricity needed to convert ethanol to 
ethylene. In our work, the cradle to gate analysis of bio-HDPE combines the work on 
supply chain of lignocellulosic from Nguyen et al.[106]  and the work on converting ethanol 
to polyethylene from Posen et al. [53]. Fuel and electricity for polymerizing bio-ethylene 
were provided by Kochar et al.[272].  
 
 
 
Table C. 8: Summary of key parameters for producing bio-based HDPE via corn stover. 
 
 Greenhouse Gas Emissions 
[kgCO2e/kg] 
Energy Consumption [MJ/kg] 
Stages Fitting 
Tools 
Value Distributio
n Types 
Fitting 
Tools 
Value Distribution 
Types 
Feedstock 
Production 
   
   
Harvest, collection 
and storage 
NPB 0.27 Beta(-
0.02,0.68,4.
13,10.02) 
Assumption 1.50 Triangle(0.27,4.
27,0.4) 
Nutrient 
replacement 
Assumption 0.07 Triangle(0.
1,0.16,0.12) 
   
total soil N2O 
emissions 
Point 
estimate 
0.19 
 
   
Change in soil 
carbon 
Point 
estimate 
0.70 
 
   
Biogenic carbon Assumption -6.17 Triangular(-
7.4,-5,-6.1) 
   
Transport from 
fields (truck) 
Point 
estimate 
0.000065 
 
Point 
estimate 
0.00091  
Transport distance Assumption 250.00 Uniform(10
0,200) 
Assumption 250.00 Uniform(100,20
0) 
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Preprocessing 
depot 
Point 
estimate 
0.03 Uniform(0.
0001,0.026) 
Point 
estimate 
0.74  
Transport from 
depot (train) 
Point 
estimate 
0.000028 
 
Point 
estimate 
0.00039  
Transport distance Assumption 185.00 Uniform(20
,350) 
Assumption 185.00 Uniform(20,350
) 
Ethanol 
Production 
   
   
Pretreatment 
chemicals 
Point 
estimate 
0.15 
 
   
Fermentative CO2 Point 
estimate 
0.88 
 
   
Boiler Assumption 2.11 Triangle(1,
3.2,1.7) 
Assumption 13.33 Triangle(10,17,
13) 
Electricity (co-
product) 
Point 
estimate 
-0.6     
Electricity input Assumption 0.27 Triangle(0.
0018,0.55,0
.27) 
Assumption 1.27 Triangle(0.81,2,
1) 
Transport by train Point 
estimate 
0.000028 
 
Point 
estimate 
0.000390  
Transport distance Assumption 100.00 Uniform(50
,150) 
Assumption 100.00 Uniform(50,150
) 
Ethylene 
Production 
   
   
Electricity Used Based on 
Posen 
0.31 Lognormal(
0.31,0.11) 
Adopted 
from Posen 
1.12 Lognormal(1.12
,0.41) 
Fuel Used Based on 
Posen 
0.17 Lognormal 
(0.17,0.062
) 
Adopted 
from Posen 
1.67 Lognormal(1.67
,0.61) 
Polymer 
Production 
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Polymerization Assumption 0.43 Triangular(
0.00039,0.8
5,0.5) 
 4.71 Triangle(3.2,5.5
,5.4) 
Pelletization Assumption 1.31 Uniform(0.
48,2.13) 
 4.80 Uniform(3.2,6.4
) 
    
   
5th percentile 
 
-0.03 
 
 21.95  
Mean 
 
1.08 
 
 25.92  
95th percentile 
 
2.15 
 
 30.16  
 
 
 
C.4.5 Pipe Extrusion 
 The energy consumption and GHG emissions for fabricating per foot of corrugated 
pipe were collected from a variety of sources. PE International and Earthshift audited 
the information from various pipe manufacturers in the U.S and calculated the 
emissions to earth from the collected material and energy inputs [96, 109]. Two other 
sources [29, 273], which estimated the energy demands and carbon footprints for 
forming different size of pipes, were established based on the information outside the 
U.S. The study by Boustead [273] collected the process data for the production of PVC 
and PE pipes from three factories operating in the Netherlands whereas Recio [29] 
analyzed the environmental impact of the production for water carrying and sanitation 
pipes in Spain. All of these estimates were then bootstrapped to form a distribution for 
the Monte Carlo simulation.  
 
 
 
 
221 
 
 
 
C.4. 6 End of life (EOL) 
 This study focused on three recycling methods (1) mechanical recycling; (2) 
landfilling; and (3) incineration. The mean, 5th and 95th percentile values were adopted 
from Posen et al. study [54]. 
 
 
Table C. 9: GHG emissions of three recycling methods. 
 
Greenhouse Gas Emissions [kgCO2e/kg PE] 
Recycling Methods 5th Mean 95th  
Mechanical Recycling -1.0 -0.6 -0.3 
Incinerating (with energy recovery) 1.6 1.7 1.9 
Landfilling 0.04 
 
 
C.4.7 Stochastic Distribution 
Stochastic Distribution for 1 kg of polymer 
 
 
 
Figure C. 2: Histogram representing life cycle GHG emissions within 90% confidence interval in the 
HDPE production via natural gas and crude oil. 
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Figure C. 3: Histogram representing life cycle GHG emissions within 90% confidence interval in the 
recycled HDPE. 
 
 
 
 
Figure C. 4: Histogram representing life cycle GHG emissions within 90% confidence interval in the 
HDPE nanoclay production. 
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Figure C. 5: Histogram representing life cycle GHG emissions within 90% confidence interval in the bio-
HDPE production. 
 
 
 
C.5. Life Cycle Cost (LCC) Data 
C.5.1 Total Life Cycle Cost (TLCC) 
 The present value of the total life cycle cost (TLCC) is calculated by adding the 
production cost to the present value of a growing annuity of maintenance activities. The 
formula is: 
TLCC = Cp + CIns +  ∑ ܥ݉ݎݎ௡௞ୀ଴  + Ce   (C.10) 
 Where the TLCC in present value is a summation of (1) production cost (Cp), which 
includes the initial cost (cost of material and energy); (2) Installation cost; (3) 
maintenance, repair, and replacement cost (Cmrr), which includes life cycle costs paid 
for maintenance, repair, and replacement of a pipe; and (4) end of life cost (Ce), which 
includes cost of disposal and/or recycling of a pipe. When choosing between more than 
two mutually exclusive alternatives with significantly different service lives, an 
adjustment should be made to ensure equal comparison. The net present values of the 
competing alternatives should be adjusted using an equivalent annual annuity (EAA) 
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approach [274]. The EAA approach calculates the constant annual cash flow generated 
by a project over its lifespan. The present value of the constant annual cash flows is 
exactly equal to the project’s net present value. Using this method, the annual 
investment cost required for each alternative can be calculated using the following 
equation: 
ܹܲ =  ܣ
(1 + ݎ)௡ − 1
ݎ(1 + ݎ)௡
(C. 11) 
 where the present worth annuity (PW) is a function of annualized total cost (A), 
discount rate (r), and service life years (n), which is assumed to be 100 years. In this 
study, a range of discount rate (0.75-1 %) is used for the stochastic analysis. The costs 
for each category are listed in below sections. 
 
C.5.2 Material Cost 
 
 This study adopted the production cost of fossil ethylene from Posen et al.[53], 
which is between $0.25-$0.70/kg from 2011-2013. Posen et al.[53] calculated the 
production cost based on the data from Lippe. D [275], Platts McGraw Hill Financial 
[276] and Dewitt & Company Incorporated [277]. Another reliable source [278] 
reported the production cost of fossil ethylene to be $819/mt ($0.82/kg) in November 
2015. This value was combined with the range estimated in Posen et al.[53] in order to 
establish a range. The minimum [53] and maximum [278] values for the period from 
2011 to 2015 were used to parametrize a uniform distribution. The cost of plastics waste 
was collected from the suppliers’ sites from a number of states in the U.S. Then, a range 
of price was calculated in order to parametrize an uniform distribution. 
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Table C. 10: Historical price of plastic wastes (2015-2016) 
 
Plastic Waste Price ($/tonne) 
Time $/tonne $/kg 
2015 261.26 0.26[279] 
2015 245.86 0.25[279] 
2015 258.75 0.26[279] 
2016 
 
0.35[280] 
2016 
 
0.88[280] 
2016 
 
0.22[280] 
2016 
 
0.79[280] 
2016 
 
0.33[280] 
2016   0.79[280] 
 
 
 
Table C. 11: Historical price of corn stover  
Corn Stover  Cost $/DM
T 
Gonzalez et al. [281] 80 
Humbrid et al. 2011[282] 59 
Brown and Wright [283] 116 
Swanson et al. 2010[284] 90 
Banerjee et al. 2013[285] 81 
Wright et al. 2010[286] 90  
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C.5.3 Diesel and Electricity Costs 
 
 
Table C. 12: Diesel and electricity costs in the U.S 
 
Energy Units Values 
On Road Diesel  $/MJ 0.015 
Off Road Diesel  $/MJ 0.014 
Electricitya $/MJ 0.014 
Natural Gas  $/MJ 0.0017 
a Electricity cost in Texas where the polymers in this study were made. 
 
 
 
C.5.4 Pipe Extrusion Cost 
 The costs for an extrusion line was estimated to range from $0.04 to $1.27 per kg of 
plastic depending on the type of extruded products [68, 125]. The data from both 
Rauwendaal [125] and Roes et al. [68] were reliable since they were collected from 
industrial plants. Therefore, the average value of their estimates, $0.65/kg or polymer, 
was used in our study. 
C.5.5 Installation Cost 
 We estimated the installation cost based on the cost information reported for the 
storm drainage projects in Riverdale city in Utah. This report contains 9 projects in 
different scales. The installation procedure involves (1) removing existing pipe; (2) 
constructing 24” pipe; (3) Furnish trench backfill materials; and (4) Furnish bedding 
materials. The steps are explained thoroughly in ASTM D2321 [287]. The unit weight 
of sand and gravel was adopted from Nemati 2015 [288], which is 105 lbs/ft3. Figure 6 
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shows the trench cross section. According to ASTM D2321, Class II and III soils can 
be used for the backfill and embedment areas.  
 
 
 
Figure C. 6: Trench Cross section, adopted from ASTM D231 
 
 
 
 The trench width was calculated to be 53 inch, the depth of bedding and initial 
backfill area are shown in Figure 6. The minimum cover is set to be 36 in as required 
in section 7.6, ASTM D2321. The cost for removing an existing pipe varies from $5.5 
to $16 in this report. We used this range to establish lower, mean and upper installation 
costs (Table C. 13).  
 
 
Table C. 13: Installation Cost for 20-ft corrugated HDPE pipes. 
 
Tasks Quantity Units Unit Price 
 
Amount 
 
   
Lower Mean Upper Lower Mean Upper 
Remove 
existing 
storm 
1 ft $5.50  $9.60  $16.00  $5.50  $9.60  $16.00  
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drainage 
piping  
Construct 
24" 
diameter 
storm 
drain pipe  
1 ft $71.50  $71.50  $71.50  $71.50  
Furnish 
trench 
backfill 
materials  
0.96 tonne $4.50  $4.32  $4.32  $4.32  
Furnish 
bedding 
materials  
0.07 tonne $10.50  $0.74  $0.74  $0.74  
  
Subtotal 
   
$82.05  $86.15  $92.55  
 
 
 
C.5.6 Maintenance and Repair Costs 
 
 
Table C. 14: Annual maintenance expenses for 20-ft corrugated HDPE pipes. 
 
Maintenance, Repair and 
Replacement Cost 
Units Values Distribution Sources 
Sludge maintenance  [$/ft/year] 3.60 Point 
Estimate 
[217] 
Grease (pressurized cleaning/jetting)  [$/ft/year] 1.77 Point 
Estimate 
[217] 
Debris (flushing)  [$/ft/year] 1.82 Point 
Estimate 
[217] 
Replacement [$] 10% of the capital 
cost 
Point 
Estimate 
[217] 
 
 
 
 
 
229 
 
 
C.5.7 Collection and Disposal Cost 
 
Table C. 15: Collection and Disposal Cost in the U.S 
 
Disposal Cost Units Range of Values Distribution Sources 
Collection1  [$/tonne] 85-250 Uniform [216] 
Sanitary Landfill  [$/tonne] 40-100 Uniform [216] 
Composting2 [$/tonne] 35-90 Uniform [216] 
Waste-to-Energy Incineration3  [$/tonne] 70-200 Uniform [216] 
Anaerobic Digestion4 [$/tonne] 65-150 Uniform [216] 
1Collection includes pick up, transfer and transport to final disposal site for residential and non-
residential waste.  
2Composting excludes sale of finished compost (which ranges from $0 to $100/ton) 
3Includes sale of any net energy; excludes disposal costs of bottom and fly ash (non hazardous and 
hazardous) 
4Anaerobic digestion includes sale of energy from methane and excludes cost of residue sale and 
disposal 
 
 
 
C.5.8 Production Cost per kg of polymer 
Table C. 16: Production cost per kilogram of polymer for 4 pathways 
 
 HDPE HDPE/PCR Nanoclay HDPE/PCR Bio-HDPE 
Cost $/kg Cost $/kg Cost $/kg Cost $/kg 
5th percentile 0.57 5th percentile 0.51 5th percentile 0.72 5th percentile 0.96 
Mean 0.83 Mean 0.64 Mean 0.85 Mean 1.1 
95th percentile 1.08 95th percentile 0.78 95th percentile 1 95th percentile 1.26 
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Figure C. 7: Histogram representing production cost within 90% confidence interval in the HDPE 
production via natural gas and crude oil. 
 
 
 
 
Figure C. 8: Histogram representing production cost within 90% confidence interval in the recycled 
HDPE. 
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Figure C. 9: Histogram representing production cost within 90% confidence interval in the HDPE 
nanoclay production. 
 
 
 
 
Figure C. 10: Histogram representing production cost within 90% confidence interval in the bio-HDPE 
production. 
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C.6 Addition Results 
C.6.1 GHG Emissions of the production for 4 pipes 
 
 
 
Figure C. 11: Stochastic cradle-to-grave GHG emissions over the 90% confidence interval (CI) and 
interquartile ranges for: (a) Pristine HDPE; (b) HDPE/PCR; (c) Nanoclay HDPE/PCR; (d) Bio-HDPE 
pipes. The top of error bar represents the 95th percentile and the bottom of error bar represents the 5th 
percentile 
 
 
 
S.6.2 Production Cost of 4 pipes 
 
Figure C. 12: Stochastic cradle-to-grave production cost over the 90% confidence interval (CI) and 
interquartile ranges for: (a) Pristine HDPE; (b) HDPE/PCR; (c) Nanoclay HDPE/PCR; (d) Bio-HDPE 
pipes. The top of error bar represents the 95th percentile and the bottom of error bar represents the 5th 
percentile 
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D.6.3 Sensitivity Analysis GHG Emissions of the production for 1 kg polymer 
 
 
  
 
 
  
Figure C. 13: Sensitivity analysis of processes on life cycle GHG emissions for 1 kg of: (a) pristine 
HDPE; (b) HDPE/PCR; (c) Nanoclay HDPE/PCR; and (4) Bio-HDPE. 
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S.6.4 Sensitivity Analysis Production Cost for 1 kg polymer 
 
 
 
  
 
  
 
 
Figure C. 14: Sensitivity analysis of processes on life cycle production cost for 1 kg of: (a) pristine HDPE; 
(b) HDPE/PCR; (c) Nanoclay HDPE/PCR; and (4) Bio-HDPE.  
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APPENDIX D: ENVIRONMENTAL, ENERGY, AND COST EVALUATION 
OF GREEN ALTERNATIVE CEMENTITIOUS BINDER 
 
 
Supplemental Information for Chapter 5 
Environmental, Energy, and Cost Evaluation for The Production of  Green Alternative 
Cementitious Binders 
 
 
Table D. 1: Energy inventory of granulating, crushing and grinding 
 
Process Step kWh / tonne Key References 
Granulating 12.6 [66] 
Crushing 0.05 [66] 
Finish grinding 168.6 [66] 
 
 
 
Table D. 2: Sources of cement components 
 
Feedstock Transport Distance (km) 
 
Minimum Comments Average Comments Maximum  Comments 
OPCa 90 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
160 Average 
distance 
transported by 
truck among 5 
cement 
blending 
plants 
310 Maximum 
distance 
transported by 
truck and train 
among 5 
cement 
blending 
plants 
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Gypsumb 70 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
1071 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
2480 Ocean 
shipping 
distance 
transported by 
barge 
GGBFSc 80 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
2072 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
6637 Ocean 
shipping 
distance 
transported by 
barge 
Fly Ashd 40 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
722 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
1974 Ocean 
shipping 
distance 
transported by 
barge 
Limestonee 190 Minimum 
distance 
transported 
by truck 
among 5 
cement 
1015 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
2230 Ocean 
shipping 
distance 
transported by 
barge 
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blending 
plants 
blending 
plants 
Soda Ashf 1210 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
3018 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
6080 Ocean 
shipping 
distance 
transported by 
barge 
Sodium Silicateg 445 Minimum 
distance 
transported 
by train 
among 5 
cement 
blending 
plants 
2435 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
8550 Ocean 
shipping 
distance 
transported by 
barge 
Sodium Hydroxideh 60 Minimum 
distance 
transported 
by truck 
among 5 
cement 
blending 
plants 
1771 Average 
distance 
transported by 
truck, rail and 
barge among 
5 cement 
blending 
plants 
6640 Ocean 
shipping 
distance 
transported by 
barge 
Metakaolink 820 Minimum 
distance 
transported 
by train 
among 5 
1692 Average 
distance 
transported by 
truck, rail and 
barge among 
3480 Ocean 
shipping 
distance 
transported by 
barge 
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cement 
blending 
plants 
5 cement 
blending 
plants 
a Sources, including states / countries and city of mines, are found by incorporating USGS report: California [Lucerne 
Valley], New York [Ravenna], Pennsylvania [Nazareth], Missouri [Festus], South Carolina [Holly Hill] [289]. 
b Sources, including states / countries and city of mines, are found by incorporating USGS report: Oklahoma [Major], 
Texas [Cleburne], Iowa [Dubuque], California [Long Beach] [254]. 
c Sources, including states / countries and city of mines, are found by incorporating USGS report: Michigan [Detroit], 
New Jersey [Camden], Pennsylvania [Fleetwood], Japan [Osaka]. 
d Sources, including states / countries and city of mines, are found by incorporating USGS report: Alabama [Locust 
Fork], Florida [Lakeland], Kentucky [Maysville], Los Angeles. 
e Sources, including states / countries and city of mines, are found by incorporating USGS report: Alabama 
[Elkmont], Kentucky [Harrodsburg], Missouri [Pevely], PA [Benton], Texas [New Braufels] [290]. 
f Sources, including states / countries and city of mines, are found by incorporating USGS report: Wyoming [Green 
River], UK [London], Mexico [Tampico] [291]. 
g Sources, including states / countries and city of mines, are found by using Google searching tool: Ohio [Canton], 
Pennsylvania [Malvern], China (HongKong).  
h Sources, including states / countries and city of mines, are found by using Google searching tool: Texas 
[Midlothian], New Jersey [Ringwood], Illinois [Hinsdale], Chile [Antofagasta], Mexico [Apulco]. 
k Sources, including states / countries and city of mines, are found by using Google searching tool: Georgia [ 
McIntyre], Utah [Tintic], Mexico [Acapulco] [129]. 
 
 
 
Table D. 3: Primary Energy, GHG emissions and cost for feedstock and production 
 
 Feedstock Transportation 
Cementitious  
Components 
GHG Emissions 
[kg CO2 e/tonne] 
Primary 
energy 
[MJ/tonne] 
Feedstock 
Cost      
(USD/tonne) 
GHG 
Emissions 
[kg CO2 
e/tonne] 
Primary 
energy 
[MJ/tonn
e] 
Transport 
Cost 
(USD/ton
ne-mile) 
Sand and 
Gravel 
40 603 7.8 a 12 162 31 
Gypsum 2.4 32 29 b 55 770 66 
GGBFS 70 1070 80 c 59 831 43 
Fly Ash 0 0 60 d 36 512 41 
Limestone 37 475 9.8 e 52 733 64 
Soda Ash 93 5820 159 f 100 1401 67 
Sodium 
Silicate 
671 9420 669g 92 1295 89 
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Sodium 
Hydroxide 
750 9500 125 h 67 936 44 
Metakaolin 253* 3910* 208 k 65 931 48 
*  Adopted from [13] 
a Adopted from [292] 
b Adopted form [289] 
c The range of GGBFS is $60-100 by using estimates from Popp’s and Van Oss’s USGS report [254, 293]. The 
production cost of slag was assumed to be the same as the production of OPC, $76/tonne. Note that this cost is the 
FOB cost, excluding transportation. 
d The range of fly ash is $40-80 by using estimates from Van Oss’s USGS report [252, 253]. The production cost of 
fly ash was assumed to be the same as the production of OPC, $76/tonne. Note that this cost is the FOB cost, 
excluding transportation. 
e Adopted from [290] 
f Adopted from [291] 
g Price of sodium silicate solution per tonne was calculated based on the bulk truckload price per pounds of product 
DTM [294] 
h Adopted from [295] 
k Adopted from [296] 
 
 
 
Table D. 4: Energy cost for kiln preheating, grinding and crushing. 
 
 
Kiln Process 
  Per metric ton of 
cement 
Input $/unit Price ($) References for Energy 
Prices 
1 Coal, metric ton 0.107 49.67 5.315 [297] 
2 Gasoline, liter 0.133 0.58 0.077 [298] 
3 liquefied Petroleum 
gas, liter 
0.0143 0.86 0.012 [299] 
4 Middle Distillates 
(Diesel), liter 
1.066 0.64 0.682 [298] 
5 Natural gas, m3 5.569 0.12 0.668 [300] 
6 petroleum coke, 
metric ton 
0.0223 33.2789 0.742 [301] 
7 residual oil, liter 0.0442 0.582 0.026 [302] 
8 wastes, metric ton 
(TDF) 
0.0177 45 0.797 [303] 
9 Electricity, kWh 144 0.072 10.368 [132] 
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 Total       18.7   
 
Grinding 
  Per metric ton of 
cement 
Input $/unit Price ($) References for Energy 
Prices 
1 Natural gas, m3 8.13 0.12 0.76 [300] 
2 residual oil, liter 1.03 0.58 0.6 [302] 
3 Electricity, kWh 70 0.073 5.11 [132] 
 Total       6.7 
 
 Crushing 
1 Electricity, kWh 0.051 0.073 0.004 [132] 
 Total       0.004 
 
 
 
 
Table D. 5: Global warming potential, non-renewable energy and cost of five cementitious binders. The 
mean values are at ideal formulations and at average transport distance. 
 
  FEEDSTOCK 
  
GWP [kg CO2 
equivalent/tonne] 
Energy [MJ/tonne] Cost [USD/tonne] 
  Lower Mean Upper Lower Mean Upper Lower Mean Upper 
OPC 38 38 38 517 522 526 9 9 9 
SC 310 622 661 1905 2917 3041 84 90 100 
FAC 495 599 727 2131 2581 3131 79 84 91 
MKG 504 509 525 7216 7282 7492 485 490 508 
AACs 34 45 54 628 861 936 40 50 60 
  TRANSPORTATION TO CEMENT PLANT 
  
GWP [kg CO2 
equivalent/tonne] 
Energy [MJ/tonne] Cost [USD/tonne] 
  Lower Mean Upper Lower Mean Upper Lower Mean Upper 
OPC 7 14 22 103 193 307 23 33 42 
SC 7 27 66 97 384 917 23 36 51 
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FAC 6 21 29 81 289 401 18 36 45 
MKG 32 76 208 449 1061 2905 29 64 144 
HLAASCs 14 58 168 193 809 2349 24 54 114 
  CEMENT PROCESSING 
  
GWP [kg CO2 
equivalent/tonne] 
Energy [MJ/tonne] Cost [USD/tonne] 
  Lower Mean Upper Lower Mean Upper Lower Mean Upper 
OPC 936 937 938 4682 4701 4720 19 19 19 
SC 0.035 0.035 0.035 0.50 0.50 0.50 0.004 0.004 0.004 
FAC 0.035 0.035 0.035 0.50 0.50 0.50 0.004 0.004 0.004 
MKG 0.035 0.035 0.035 0.50 0.50 0.50 0.004 0.004 0.004 
HLAASCs 0.035 0.035 0.035 0.50 0.50 0.50 0.004 0.004 0.004 
        
CAPITAL CHARGES 
[USD/tonne] 
OPC       39 39 39 
SC       0.4 0.4 0.4 
FAC       0.4 0.4 0.4 
MKG       0.4 0.4 0.4 
HLAASCs       0.4 0.4 0.4 
  FEEDSTOCK + TRANSPORTATION  + PROCESSING + CAPITAL 
  
GWP [kg CO2 
equivalent/tonne] 
Energy [MJ/tonne] Cost [USD/tonne] 
  Lower Mean Upper Lower Mean Upper Lower Mean Upper 
OPC 981 989 998 5302 5417 5553 89 97 108 
SC 317 525 727 2003 3041 3959 100 122 152 
FAC 501 625 756 2213 2872 3533 98 118 137 
MKG 536 618 733 7666 8802 10397 515 574 652 
HLAASCs 48 124 222 821 1926 3285 65 114 174 
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